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Soil Blankets and Preloading on Settlement 
By EDWARD S. BARBER, Highway Research 

Engineer,' Materials Division 

VERTICAL NORMAL STRESS= APPLIED PRESSURE 

Highways must often be located in areas where soil is compressive and, unless 

some action is taken to preclude it, excessive settlement may occur. Soil blank- 

ets and natural or manmade preloads applied to compressible material often will 

- permit placement of foundation structures on compressible material thereby 

effecting a saving by obviating the need for deep foundations. 

This article contains charts and tables to be used in calculating the verti- 

cal stresses and settlement that occur under preloads of different shapes. The 

usefulness of soil blankets and preloads is discussed. A more accurate pro- 

cedure for designing the duration of preload, rather than basing this duration 

on average consolidation, also is presented. 

os a 

—— 

= SRP 

viously imposed on the material. A blanket 

of relatively incompressible soil can be used 

OUNDATION structures can be placed over compressible material to spread the 

- ie compressible soil materials without fo yndation load and thereby reduce the 

excessive settlement if the applied stresses imposed stresses, and a temporary overload 

not significantly exceed the stresses pre- on the compressible material can be used to 

consolidate or prestress it. A considerable 

cost saving has been made by the use of soil 

Introduction 

Mr. Barber is also Associate Professor of Civil Engi- 

ring at the University of Maryland, College Park, Md. 

UBLIC ROADS ® Vol. 33, No. 12 

O 
fe) 0.4 0.5 0.6 

i =i Perret Seto ; 
pt Hoe i 
eS auseeceeare o 

at |_| | | | | Seether: 
Cie iat lit hl isld et cl 

ee rt 
= eat esl este i | | | j 

i <= | | | {tt 1% amr ae Tejele ated he | i = is ia 
| tial | ie ae | EL aR (0 Wal cl a 8S pop 

| ine | ir | + i ee Sans Lessee eeee Ey 

Ae a Se Hehe | "| | faetel — 

| ih a ann [esters iz oe +++ / eS a [ | 

5 - { aap = a8 Cr DISTANCE FROM CENTER 77> 

ical ese Cin pee OF LOAD + WIDTH : 
; iA Ines jest : 7 

, I SE a Ge aati ainiciei ioe + am 

SEE AEE EEE 
: [ C45 LeG0s ELA Eee eee eee rt 

ai | i aa ——— 
T i+ 

| (Fal is a are = tt+—-+-++—, oa EECeEEH COE 
lef pina - = ta este. }+—+—}-_1_ } 
ba Ly = ASSaRoes 

iy eae as fal 0 elo CECer - 

ae | iat {atte iy SSS St pote 

lot 4 | | + i + ft zi { | Sia 1a ry | | a | T 

he I ity i a 

| | } ——— Lt it TI iz 

in Bee Lie re eer ee eer ete er 
+ eciagee cc [eo See 
eT ee j 0 Ca TI inictet 

Fe Eo eae EEE CE 

a SI ‘al + + 1B 2a | | 

Ww ical) a | 

a t Ln Cer 
oe 

| | / 

4 | i ea a 
+ tt px t + jes eee tte | 

| | | et | 
= t am | —- 

fale iil ea ic 
} eS Bl il 

pees eat so SEN a istiatial eliateteate tad 
| | ] | oe at te a ae a ag Pa 

Te Selah rat 

alae Ht eee 
T if 1 

{t of | 

1 1 | 
I] T Pat | 

| | | 
| fies a a ri Tay haa hase Vg) | 

5 co i= ; aa 
EI fanart i 

eEeo 
HI Coe 

EEE ERE EEEEEH att 
alana ila tc | SS) es ae ae 

| T im Bee itt 5 
+ 4 4 1+ (Be ee | 

a (Heart 
ba a Fe I 

Peer Pere 

‘ i enti tr 1 Son Ue Sees eee Saneeoae BEER EERE Ce 
coo EEE EEE EEE EEE EE EEE 
BERR EEEE EERE Eee 

[ a jal eae Ie Tani ialc we fale) 

ssoe RPABESRERS Sees NS 
m + f + + pt} jt 4, | i |_| 

eee EEE 
ee) + 1 es | | rere | 

- fat CT ‘a De, | ae a ee 

Figure 1.—Vertical normal stress from uniformly loaded square. 

blankets and natural or manmade preloads 

over the cost of use of deep foundations 

extending below the compressible materials. 

This article includes original charts and 

tables, based on established theory, for cal- 

culating vertical stresses and settlement under 

loads of different shapes. Information is 

given on the usefulness of soil blankets and 

preloads and on the error inherent in the 

practice of basing preload duration on average 

consolidation. Also, a more accurate pro- 

cedure for designing preload duration is 

described. 

Conclusion 

On the basis of information presented in 

this article, it is concluded that, when accom- 

panied by adequate exploration and testing, 

the use of soil blankets and preloads on 
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Figure 2.—Vertical normal stress from uniformly loaded rectangle. 

compressible soil can sometimes provide a 

satisfactory foundation. Use of the  pro- 

cedures described herein will often obviate 

the need for construction of deep foundations 

below compressible material. 

Vertical Stresses 

In soils not close to failure, stress distribu- 

tion is generally calculated on the basis of the 

theory of elasticity (/),? which has been shown 

by test to be applicable to soil (2). Based on 

integration of the Boussinesq formula, the 

vertical stress produced by a uniform pressure 

2 Italic numbers in parentheses indicate the references 

listed on p. 258. 

250 

over a square area in a homogeneous elastic 

medium is shown in figure 1. Also shown is 

the maximum stress under the center of the 

load and at different lateral distances. Similar 

stresses are shown in figure 2 for a uniform 

strip load of infinite length, and the maximum 

stress also is shown under a uni‘ormly loaded 

rectangle whose length is 10 times the width. 

As depth increases, the total load becomes 

more important than the applied unit stress; 

thus, to produce a given stress at given depth, 

as the loaded area is decreased a higher unit 

pressure must be applied. For example, 

consider an inplace, loose, granular blanket 

10 feet thick in which it is desired to support 
strip footings 2 feet wide, 2.5 feet below the 

surface and loaded to 2 kips per square foot. 

At the bottom of the blanket, the dep 

divided by the width is: 

(10—2.5)-+2=3.75 

From data in figure 2, which shows a maximt 

ratio of vertical normal stress divided by t 

applied pressure of 0.17 (under the center 

the footing, curve marked 0), a vertical str 

of 0.172 equals 0.34 kip per square fe 
(k.s.f.) at the effective depth of 7.5 feet, 

be determined. 

To determine the rolling pressure requi 

at the surface of the blanket to prod 

essentially the same stress at the bottom 

the blanket, use data in figure 1. Here 

effective depth is 10 feet or the same as 1 

February 1966 ® PUBLIC RO 
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JEPTH, FEET 
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? 

/ 

PRESSURE =1,200PS.F 

SURFACE 
20 0) 

TOTAL 
PRESSURE PB EEL in FROM ABUTMENT s 

= 

40 - ra 
VERTICAL STRESS DETERMINED 
AT THIS POINT 

Figure 5.—Cross section of strip load. 

60 : eee EDT 
+" 

igure 3.—Vertical pressure at different depths in soil from 10 
by-30-foot abutment and a fill 20 feet high and eraeeio By ioer waits. fi gh and an average of 

a fe 
‘ lickness of the blanket. Assume that a 40- To determine the stress at a given distance chart in figure 4, points B, C, and D are located 

5 roller acts on a 4-foot-square area with a below point A (lower left corner), the load with respect to A, E would be to the left fessure of 5 k.s.f. It can be determined by cross section is drawn on the chart using lateral _ of A, but since the chart, if extended, would be se of data from figure 1 that a pressure at a_ distance from A. divided by depth as the symmetrical about A, E is plotted to the right i .. Sows of 0.07(5) equals 0.35 k.s.f. horizontal scale and any convenient vertical as though the loading diagram were folded 
hus, ‘Sf. on a small area is required to scale for pressure. The stress factor is the about AB. The number of influence blocks 
otain the same pressure 10 feet below the sum of influence blocks covered by the cross used to determine a total stress factor of 
face as 2 k.s.f. ona long strip at an effective section, multiplied by the appropriate in- 0.369 was: 
pth of 7.5 feet. Figure 3 illustrates how the fluence factors. The vertical stress at the Stress 
behind an abutment is the major contrib- specified depth is then the product of the Block factor 

lor of stress at any but shallow depths. pressure, corresponding to unit pressure on ATitaiase eotuiibos ra 
4 a grade separation, temporary fill across the chart, and the stress factor. Value ABCD ABE Total 
€ gap between two approach fills may be For example, consider the long strip load fag 10 ao ie ae ate 
ed to preload a deep compressible layer to shown in figure 5. For stress at a depth of ' R : 
fesses equal to those produced by bridge 20 feet the lateral distances are divided by 20 Fractional values of blocks were used in 
ads. feet to obtain lateral distance ratios of 1 from balancing deficiencies in the 0.0005 blocks. 4 
For determining the preload required for E to B, 2 from B to C, and 1 from C to D, The pressure corresponding to unit pressure is 
ip loads of nonuniform cross section, the Using these ratios and arbitrarily plotting the (1+ 0.5)1,200= 2,400 p.s.f. ‘ 
fluence chart, figure 4, was developed. maximum pressure at half the height of the The vertical stress 20 feet below point A 

Sgt on “fi shown in figure 5 then would be 
RT| STRESS FACTOR = . J 

(AT GIVEN DEPTH UNDER POINT A FROM UNIFORM SURFACE STRIP LOAD) eee Sr ec O50 Dats 
LO eel 0.2 0.3035 0.4 0.45 0,48 0.49 0.495 ert 

: wt yl T 7 oc) ettlement MTL Toc an l | 
4 lll ta Pgs | peal For consolidation and no lateral displace- ul 

hey SS Se : ment, Poisson’s ratio equal to zero is used. 
For this condition, settlement is proportional 

2 °° a5 ae oa to the area between the vertical stress curve 
r wil will 1 E 7, ’ and the axis of depth, as determined from use 

0.7 —_—- A Se ae of information in figures 1 or 2. Settlement 7 5 ttleme 
u sited t+ a factors based on integration of the areas be- 

0.6 Fak pe } tween stress curves and depth axes are shown 
: ATT es! in figure 6 for different rectangles loaded 

os LUTTE LL ATH uniformly. The effect of a moment is also 

NTE ET | shown in figure 6. For example, consider a . 
: - NENT | rectangle uniformly loaded to 4 kips per square * 
SY TNT HII foot (inset in fig. 6) where B=20 feet and Jf 
TNE TTT L=40 feet. The settlement is to be deter- nh 

a 0.3 nVVTNAHIHAN) wl mined under the point A that is caused by i 

HHMTHIIE alan compression of a layer between 10 and 20 feet wi 

02 ul deep (points C and A) for which the strain Ny 
) ATT] NLT per unit pressure, m,, is 1 percent per kip per % 
P HATTIE | NA TT square foot. In figure 6, for & 

l ATTEN | L-+-B=40-++20=2, 5: 
NT. 

i , ‘ il ii read F, values of 0.13 and 0.24 respectively for “4 
0 Ol 0.5 1,0 1.5 oj 

EACH BLOCK EACH BLOCK VALUE= 90,0005 5 
VALUE =0,001 

EACH BLOCK VALUE =0,00025 

LATERAL DISTANCE + GIVEN DEPTH 

ure 4.—Chart for computing vertical stress at any point from surface strip load, stress 

= pressure X factor. 

LIC ROADS ® Vol. 33, No. 12 

¥-B=10-+20=0.5 and 20+20=1. 

Using the equation at the bottom of figure 6, 

the settlement is 

0.014 20 (0.24—0.13) =0.088 feet. 
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SETTLEMENT FACTOR BETWEEN O ANDA 

Fp FOR ZERO RESULTANT PRESSURE 

(MOMENT) 

F, FOR UNIFORM PRESSURE 
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For Poisson’s ratio equals 0.5, corresponding paper on which figure 8 is printed, both the 

to shear at constant volume, settlement factors 

are a function of both vertical and lateral 

normal stresses. Integration for this con- 

dition produced data for figure 7, which 

shows settlement factors under different loaded 

rectangular areas for Poisson’s ratio equals 

0.5. 
Settlement factors for other shapes may 

be obtained from influence charts such as 

figure 8, which is similar to Newmark’s 

chart for vertical stress (3). For a displace- 

ment factor for material below a given depth 

under point A (lower left corner), the loaded 

area is located to scale and the number of 

blocks covered by the area is multiplied by 

0.001 (influence value per block) to obtain 

the factor. The displacement is calculated 

by this factor multiplied by applied pressure 

multiplied by the depth that is then divided 
by modulus of elasticity between the surface 

and the given depth. 

Displacement=p X ¥ X F= modulus. 

Although, figure 8 information can be used 

for calculating settlement factor for more 

irregular areas; its use is illustrated by solving 

the problem used to illustrate figure 6. 

The rectangular loaded area is plotted in 

figure 8 to the appropriate scale for each 

depth. To prevent error that possibly might 

be caused by nonuniform shrinkage of the 
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width~depth and the length--depth ratios 

are plotted on the bottom scale and the width= 

depth ratios transferred to the vertical scale 
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20-foot depth. The net product, depth times 
factor, is then 

0.001(10X 1,270 — 20 X 525) =2.2. 

} As the strain per unit pressure is the reciprocal 

of the modulus, the displacement is 

0.014 2.2=0.088 foot. 

In figures 1, 2, 6, and 7 a uniform stress 

has been assumed. A rigid footing concen- 

i trates stress at the edges unless the materials 
there cannot carry the stress. For footings 

on sand at a shallow depth, the stress is 
concentrated near the center (parabolic 
distribution). The effects of these differ- 

ences on stress and settlement decrease with 

depth for load on a circular area (4), as 

4 illustrated in figures 9 and 10. 

Effects of Blankets and Preloading 

Figure 11 shows the vertical pressure in a 

homogeneous material under a typical footing, 

Figure 10.—Settlement factors on axis below vertical stress over circular area at surface. 

6 feet square, uniformly loaded to 3 k.s.f. 

Depth zero is at the bottom of the footing, 

which may be below the surface; the effect of 

depth of footing on stress distribution is 

neglected. Excavation over only the footing 

area is subtracted from the total footing pres- 

sure to obtain the net footing pressure, 3 k.s.f., 

as illustrated. Consider three layers in the 

soil foundation having compressibilities of: m, 

for 0 to 6 feet, m2 for 6 to 18 feet, and m3 below 

18 feet. The compressibility is strain divided 

by stress for the appropriate range of stress; it 

is the reciprocal of the modulus of elasticity. 

A small m corresponds to low compressibility 

(a high modulus of elasticity). 

If m; is smaller than mp, the stresses in the 

second layer would actually be less than shown 

in figure 11. The stress distributing ability is 

roughly proportional to the cube root of 

1m (5). Conversely, if m3 is very small 

compared to ms, the stresses will be higher; 

VERTICAL NORMAL STRESS, KIPS PER SQ,FT- 
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igure 11.—Stress versus depth under pressure of 3 kips 
per square 

foot ona 6-by-6-foot-square footing. 

over a rigid base, the vertical stress at any 

depth is increased to approximately that at 

three-fourths the vertical stress at the same 

depth in a homogeneous material. For sim- 

plicity, these effects are not considered in this 

article. 

If the upper layer is a blanket having a very 

small m, the settlement is proportional to my, 

times the area to the left of the stress curve 

between 6 and 18 feet, plus m, times the area 

below 18 feet. If, over a large area, an exca- 

vation equivalent to 150 p.s.f. (0.15) k.s.f. has 

been made, the area to the left of this stress 

only produces settlement proportional to the 

reloading compressibility, which is usually 

much less than the compressibility for the 

first application of a load. The principal 

settlement would be proportional to the area 

in figure 11 between the vertical line at 0.15 

k.s.f. and the stress curve between 6 and 18 

feet, as the compressibility above 6 feet was 

assumed to be small and the material below 18 

feet is being reloaded. Using the stress 

curves for zero lateral distance in figures 1 

and 2 and the geometry described, settlement 

factors for different preloadings were cal- 

culated. 
The reduction of settlement factors with 

preloading (assuming 100 percent consolida- 

tion with respect to time) for a loaded square 

area is shown in figure 12 and for a loaded 

rectangular area, the length of which is equal 

to 10 times the width, in figure 13. Reading 

from figure 12, the settlement factor for a 

uniformly loaded square area on a homogene- 

ous foundation (no preload) is 1.12 at zero 

depth. For negligible compressibility such as 

a compacted granular blanket in the top 6 

feet under a 6- by 6-foot-square loaded area 

(fig. 11), the settlement factor is reduced to 

0.42 (depth divided by width=6 divided by 
6=1). For a preload of 0.15 k.sf., and a 

footing pressure of 3 k.s.f., preload divided by 

applied pressure=0.15 divided by 3=0.05, 

and the settlement factor below 6 feet, from 

figure 12, is 0.17. For this preload, 

settlement factor is zero below a depth divided 

the 

SETTLEMENT FACTOR, F 
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SS PT 

oO eee 
S2ake——. 

tt t+ 

ry 
{| 

Besant 
Po SETTLEMENT = my pBF an eae ew 
eeeee sassees*: 

saneueece my= STRAIN PER UNIT PRESSURE ~-7-+i77+ 

sesteseasl p = APPLIED PRESSURE ae : 

suannaeess 8 = WIDTH OF SQUARE 
tassseeeee LOADED AREA 

F = SETTLEMENT FACTOR. 
POISSON'S RATIO =O 

sitsstestics sitions 
H PE PA 

12.—Maximum settlement under uniformly 
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by width=3, which corresponds to a depth of 

3X6=18 feet. 

To calculate the stress for no settlement 

(except recompression) below 6 feet, figure 12 

data can be used. For depth divided by 

width=1, preloading of 0.33 multiplied by 
the applied pressure equals the stress. For 

the applied load of 3 k.s.f., the preloading is 

1 k.s.f. or stress at the depth of 6 feet. The 

stress could also be determined by use of 
figure 1, where vertical normal stress divided 

by applied pressure is 0.33 when depth divided 

by width=]. 

Preconsolidation Factors 

Because of the imperfect elasticity of soil, 

the second application of a stress produces 

less strain than the first application. The 

maximum previous stress is termed the 

preconsolidation pressure. The preconsolida- 

tion pressure may be determined from loading 

history, including water pressure, and may 

be inferred from the shape of the stress- 

strain curve in consolidation. The shape of 

the stress-void ratio curve gives the same 

result but requires unnecessary arithmetic 

for calculating void ratio from measured 

strain. The strain-log stress curve for a 

sediment is often fairly linear for loads heavier 

than the preconsolidation pressure. 

Care must be taken during sampling and 

testing to assure that samples are sufficiently 

undisturbed and that variation in the stress- 

strain relationship actually is the result of 

preconsolidation. Figure 14 shows the strain- 

stress log curve for a residual soil derived 

from schist. At first glance, it has a pre- 

consolidation pressure between 1 and 2 k.s-f. 

However, this is simply a function of the 

plotting scales as shown by the arithmetic 
plot in figure 15, which reflects a perfectly 

linear relation between stress and strain. 

or some soils, such as mudflows and loess, 

the strain may be markedly increased by 
submergence under water. 

Compacting the soil by rolling in layers 

produces an effect similar to preconsolidation. 

For fine-grained soils, such preconsolidation 

is about 2 to 4 k.s.f. at 100 percent of maxi- 

mum density and 1 to 2 k.s.f. at 95 percent 

of maximum density as determined by 

AASHO Designation: T 99. The effective 

preconsolidation is higher for granular ma- 

terials. The compressibility varies with mois- 

ture as well as with density and should be 

determined for each situation for the range 

of anticipated conditions. 

Time Requirements 

If preconsolidation is to be obtained by a 

temporary preload, the time required for 

consolidation must be considered. For a 

deep compressible layer that has drainage 

at its upper boundary, figure 16 relates the 

time to consolidation at different depths. 

Mathematically this is similar to the rate at 

which a change in surface temperature 

penetrates the earth (6). 

For example, use figure 11 and assume that 

it is desired to preconsolidate the soil at a 

depth of 18 feet by an additional 0.15 k.s.f., 

the stress that is to be transmitted from the 
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Sayer was’. * “er 7? : = al a hg eee} te tor: tee: Pa. 

proposed footing. Assume a temporary pre- 

load of 1 k.s.f. over a large area and drainage 

at and above the 6-foot depth. The time for 

consolidation or load transfer equivalent to 

0.15 k.s.f. at the 18-foot depth may be deter- 

mined from figure 16. Degree of consoli- 

dation may be considered as settlement at a 

~~ eo ee, ‘ 
2 aon ‘ ore etn: oe 7 7 P , 
Vigtek are Le ee ee ee ae 

ae \ = ~4 om Ae 7 oe tae “ ae 
eS 

given time divided by final settlement or it 
may be considered as effective stress increase 

at a given time divided by the final effective 
stress inereasc; that is, when the excess pore 

pressure from the applied load is zero. The 
second definition, based on load transfer to 

the soil skelton, is used herein. . 
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Figure 13.—Maximum settloment under normally loaded rectangle 
of different preloads. 
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Figure 14.—Shape of stress-strain curves, 
logarithmic scale. 
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Figure 15.—Shape of stress-strain curves 
arithmetic scale. 
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The depth from drainage surface is 

1§8—6—12 feet—H. 

he required degree of consolidation is 0.15 
k.s.f. divided by 1 k.s.f.=0.15. For these co- 
ordinates (0.15, H), figure 16 gives a relative 
time of 

f 

The actual time, ¢, depends on the coefficient 

of consolidation, c,, of the soil, which may be 

determined from laboratory time-consoli- 
dation tests on undisturbed samples (7). The 
time is 
+ 

T=tc,— H?=0.24. 

: TH?—c,=0.24 xX 12?--c,=34+c, 

' 

If Cy were 0.1 foot squared per day, the time 

would be 340 days. A comparison of the 
curves in figures 16 and 11 shows that degree 

of consolidation decreases more rapidly with 
depth than does stress. Because of this, with 

respect to footing stress the soil between 

depths of 6 feet and 18 feet will be over- 
consolidated and below 18 feet will be under- 

‘consolidated. Much more time would be 

required to fully preconsolidate the soil 

below the 18-foot depth. 

} 

; 
_ It is sometimes considered that 100-percent 

nsolidation can be obtained by using a bal- 

‘anced combination of preload and preload 

duration. For example, a preload equal to 

: wice the design load and a time sufficient to 

Beat 50-percent consolidation under the pre- 

Preload Duration 

load would be a balanced combination. Such 

combination would satisfactorily prevent 

‘additional consolidation under the design load, 
if the preloading consolidated all points within 
the compressible layer to at least 50 percent 

f the preload stress. But care must be taken 

in using average consolidation to determine 
rotate duration; some points will be overcon- 

pare 

‘solidated and others underconsolidated in re- 

tion to design load stresses. For example, 

‘by using table 1 data, for a layer having two 

‘drainage faces, both faces permeable, and an 

average degree of consolidation of 0.5, the 

Feime factor (7) equals 0.05. For this same 

‘time factor, table 3 contains an interpolated 

egree of consolidation for a point at the center 

‘of the layer of only 0.23 (between 0.046 and 

0.060 opposite center of slab). This point is 

represented by point B in figure 17. Thus 

rom a temporary load twice the final load, 

the average degree of consolidation would be 

0.5 2=1 or 100 percent, but a central point 

would be consolidated to only (0.232) or 

0.46 percent of the final load. 

The consolidation remaining is represented 

in figure 17 by the area ABC. This area has 

been evaluated as 20 percent of the total load 

transfer of the final load. The remaining 

percent of the settlement under the final load. 

For example, if settlement under the final load 

Were 1 foot, then a 20-percent increase in load 

transfer would increase the settlement to 1.2 

feet. This would be partly compensated by 

rebound of the overconsolidated material adja- 

DEGREE OF CONSOLIDATION 

0.4 
cop ass re he ae? ] ja 

1 es i mae Sa a 
i 76.1 = 

aeeeeeeeso 

DEPTH FROM DRAINAGE SURFACE 

0.5 

Figure 16.—Time-consolidation below surface of semi-infinite mass. 

PRELOAD 

FINAL LOAD 

si 

LOAD TRANSFERRED - 
TO SOIL SKELETON : THICKNESS BETWEEN DRAINAGE FACES 

Figure 17.—Load transfer during preloading of layer having two 

drainage faces. 

cent to the drainage faces. Table 2 shows 

the consolidation remaining for different pre- 

loads and balanced durations in relation to 

average consolidation. To obtain complete 
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Table 1.—Average consolidation of uniformly stressed ! mass 

Boundary conditions 

Slab of thickness H: 

Both faces permeable 

One face impermeable: 

Ratio (pressure at permeable 
face to pressure at 

impermeable face): 

3. 

10. 

Sphere of diameter H 

Cylinder of diameter H 

Cylinder of diameter H, having 
internal drain of diameter d; 

ratio of: 

Steady accumulation on impervious 

base to depth H, in time t 

QO. 0 

O. 0 

0, 0 

OF 0 

0. 0 

0. 0 

OF 0 

0. 0 

QO. 0 

QO. 0 

0. 0 SiO Op On OR Om Om ee meme) 

Sy Hex epic! Gp Wer isie) fey (=) yep jy, ey ie 

Oo 

oO 

Steady load increase to time t----]|0. 

1/ Unless otherwise noted, load is assumed to be applied instantaneously when time, t 

2/ ar coefficient of consolidation; 

consolidation, in the example, the preload 

would have to be equal to 1 divided by 0.23 

or 4.3 times the final load. As an alternate 

the preload could be left unchanged and the 

time, 7, increased to 0.095 (table 3) for 50- 

percent consolidation. 
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Table 2.—Consolidation remaining afte 
temporary preloading 

Balanced 
consolidation 

Average 
consolidation 
remaining 

Preload 

Percent of 
final load 

Percent 
of preload 

Percent of 
final load 
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Table 3.—Consolidation at a point in a uniformly stressed! mass 

3/ oo 
dhs Fa for degree of consolidation 

H 

2/ Time factor ,— Boundary conditions~ 
and location point orelovatransrer -of—— 

Center of sphere---]/0. 
0.094 

Center of cylinder-|0. 
0.150 

Center of] slab———=— 
0,328 

Impervious edge of 

Below surface of 
om REC E 

9 semiinfinite mass-|]0O. LZ2¢ 

Center of slab 
with impervious 

boundaries——--—--—-—- ewe 

a — Impervious edge 

of hollow 

cylinder d/h = 

1/ Stress assumed to be applied instantaneously when time, t, equals zero. 

2/ Boundaries are pervious unless noted by heavy line, 

i i : = i : = 1 nce based on boundary conditions, 3/ c_ = coefficient of consolidation; t time; H dista y 
= Vv 
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An Interpretive Review 

Mechanisms of Soil-Lime Stabilization 
OFFICE OF RESEARCH AND DEVELOPMENT Reported by ' SIDNEY DIAMOND, Highway Research Chemist, 

BUREAU OF PUBLIC ROADS 
and EARL B. KINTER, Highway Research Engineer, 

The authors of this article present information contradicting some of the hypo- 

theses generally held concerning the mechanisms of the physico-chemical and 

chemical reactions occurring when lime is added for stabilization of clay soils. 

The importance of cation exchange, flocculation, and carbonation in the stabiliz- 

ing process is discounted. Although no test data are included, a summary of 

results of recent work by the authors is applied to the evaluation of literature 

available on the mechanisms of the reactions responsible for soil-lime stabilization. 

The authors distinguish between rapid ameliorative effects and long-term 

cementitious reactions in the stabilization process. They postulate that in 

soil-lime-water mixtures lime is quickly adsorbed by clay mineral surfaces; the 

ameliorative effects are the result of a very rapid reaction at the edge-to-face 

points of contact of clay particles within flocs. The reaction is believed to occur 

between the adsorbed lime on the face surfaces and the alumina and silica groups 

on the edge surfaces. The reaction involves the production of very smallamounts 

of cementitious compounds such as calcium and aluminum silicate hydrates— 

which strengthen the contact points in the floc structure sufficiently to improve 

plasticity and reduce volume change—but not enough to produce the greater 

strength required for adequately stabilized soil material. The long-term re- 

actions involve the slow and continued formation of further amounts of caleitum 

and aluminum silicate hydrates in the void spaces within and between the flocs. 

The available literature suggests that a through-solution mechanism is respon- 

sible for the long-term reactions, but evidence of the physical adsorption of lime 

on clay surfaces suggests a surface chemical reaction that is not dependent on 

prior dissolution of silica and alumina from the clay. 

Introduction 

S| ABILIZING soil by the addition of quick- 

lime or hydrated lime is an ancient art 

that was successfully adapted by engineers 

of the Texas Highway Department and is now 

being extensively practiced. The purpose of 

the authors in writing this article was to 

attempt to critically evaluate current knowl- 

edge of the mechanism or mechanisms 

responsible for the soil stabilization process, 

not to discuss the history or the current 

engineering aspects of soil-lime stabilization. 

A better understanding of the mechanisms 

should make it possible to further the develop- 

ment of practical stabilization procedures 

so that better advantage can be obtained 

from the use of lime. 

The reactions of soil upon treatment with 

lime are complex, and physical changes in the 

soil often are dramatic. It has been widely 

proposed that these unusual changes are the 

result of: (1) Cation exchange, that is, 

replacement of the exchangeable sodium, 

magnesium, or other cation previously held by 

the soil clay by ealeium cations derived from 

the lime; (2) flocculation of the clay, and 

1 Presented at the 44th annual meeting of the Highway Res 

search Board, Washington, D.C., January 1965. 

2The authors acknowledge the contributions made by 

Dr. W. C. Ormsby, National Bureau of Standards, and 

Donald G. Fohs, Bureau of Public Roads, in discussions of 

the literature of soil-lime stabilization. 
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consequent increase in effective grain size; 

(3) carbonation, that is, reaction of the lime 

with carbon dioxide from the atmosphere to 

form calcium carbonate, which has been said 

to exert cementing action; and (4) so-called 

pozzolanic reactions with soil constituents to 

generate hew minerals of a cementitious 
nature. As explained in detail the authors 

believe that these four phenomena, although 

all may occur in a given soil-lime mixture, do 

not adequately account for the 

observed. 

The factor of cation exchange has been 

mentioned by many authors, yet familiarity 
with the cation exchange properties of soils 
should have eliminated this as a serious ex- 
planation for the stabilizing effects of lime on 

soil. Soil scientists know that many natural 

soils are almost calcium saturated. For 

example, results of recent research show that 

the montmorillonitie soils of the southwestern 

United States (classed as Grumusols in soil 

science classification systems) are normally 

two-thirds to three-quarters calcium satu- 

rated (1).3 Despite this predominance of 

calcium in the exchange complex, these soils 

exhibit all the classic deficiencies associated 

with montmorillonitic soils and, when they 

are used as subgrades, require stabilization 
treatment. Although it might be thought 

effects 

’ References indicated by italic numbers in parentheses 

are listed on pp. 265 and 273. 

Materials Division ‘ 

that complete calcium saturation is requirec 

for stabilization, research results with sodium. 

saturated soils have demonstrated that wher 

lime is added to a dilute clay suspension in ¢ 

quantity in excess of that required for satura- 

tion a complete exchange of calcium for sodiur 

does not take place (2)—not even when con: 

ditions are favorable for cation movement 

Exchange in comparatively dry compactec 

soils is undoubtedly less complete. 

The concept that flocculation plays a majo 

part in soil-lime stabilization is often voiced 

but careful examination of previously know1 

facts shows this also to be an inadequati 

explanation for the stabilization. Some soils 

including most of the red and yellow soils o 

the southeastern part of the United States, ar 

naturally flocculated; this can be seen b: 

shaking the soil in water and examining th: 

resultant suspension. Despite this natura 

flocculation these soils are not stable, and the; 

do respond to lime treatment. Furthermore 

it is well known that many chemical agents 

including different salts, alcohols, acids 

ketones, cause immediate flocculation whe 

mixed with clays, but they are valueless fo 

stabilization. The fact that flocculation c¢ 

clay occurs as a consequence of the additio 

of lime is a well-known phenomenon, but t 

achievement of flocculation is clearly not t 

mechanism by which lime stabilizes soils. 

The hypothesis that soil-lime stabilizatio 

depends on the carbonation of the lime 

form calcium carbonate can be dismissed 

reference to the reports of many studies. I 

these studies reaction of the lime with atmo 

pheric carbon dioxide was precluded by seali 

the samples, and the characteristic modifies 

tion of properties and development of streng 

associated with lime stabilization were ol 

served. As demonstrated by Eades, Nicho 

and Grim (3), carbonation does take place } 

the field; but the gain in strength said to acert 

from cementation of soil grains by calciu 

carbonate has not been conclusively demor 

strated. The writers believe that the lon 

term reaction of uncarbonated lime with tl 

soil itself would far outweigh any such conti 

bution, and carbonation is probably a delete 

ous rather than a helpful phenomenon in s¢ 

stabilization. 

Following the rejection of these inadequa 

hypotheses, other more nearly adequate b 

still incomplete explanations of the mech 

nisms of lime-soil interaction were considere 

Experience indicates that at least two distin 

stages of reaction are involved: (1) the i 

mediate or rapid processes that ameliorate t 
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| water-sensitive properties of untreated clay 
soil, and (2) the slower, long-term reactions 
that cause formation of the final cementitious 
products that are indicated by the gradual 
development of strength in compacted soil- 
lime mixtures. These two stages of reaction 
are discussed separately. 

Summary 

Among physico-chemical mechanisms com- 
monly suggested as explanations for the 
stabilizing effects of lime on soil, cation ex- 
hange replacement of existing cations by 
alcium, flocculation, and carbonation have 

been prominent. Because many soils in need 
of stabilization are naturally calcium saturated, 
flocculated, or both, the first two mechanisms 
an no longer be seriously considered: and as 

soil-lime systems sealed from contact with 
carbon dioxide develop the normal indications 
of stabilized soils, carbonation must also be 
rejected. 

The effects of lime on soils are such that 
|) two stages of reaction can be detected: (1) an 
\/early stage in which the plastic properties of 

he soil are greatly improved but little perma- 
nent strength is developed; and (2) a subse- 

quent stage marked by the slow development 
of strength and the accumulation of soil-lime 
reaction products. Among the effects in the 
first state are: (1) large increases in the plastic 
imit, generally followed by a reduction in the 

plasticity index; (2) a sharp reduction in the 
apparent content of clay-size particles as they 

are bound into floes stable against the disper- 
sion incident to mechanical analysis; (3) 

ncreases in the moisture and the compactive 
effort required to achieve a given density; and 

(4) a reduction in such parameters as swell 
pressure, volume change on drying, and per- 

m eability. After the addition of lime, these 

shanges occur in periods ranging from minutes 
0 a few hours. 

Based on results of recent work, researchers 

lave suggested the existence of a lime fixation 

point; that is, an amount of lime that must be 
dded to a given soil to produce the maximum 

aarly stage effects, but lime that is not available 

or further reaction. The mechanism of the 

ffect was discussed in terms of an apparent 

rowding of excess calcium cations onto the 
day following the addition of lime. This in 

umm was tentatively attributed to pH- 

lependent exchange sites originating at the 
dges of the clay particles. 
The results of recent experimental work by 

he authors contradict these hypotheses. The 

ation crowding effect is in reality one of 

hysical adsorption of calcium hydroxide 

nto the clay surfaces. The authors postulate 

iat the beneficial effects of the addition of 

me are caused by the almost immediate but 
mited chemical reaction at the points of 

ntact between the edges and faces of primary 

lay particles within the flocs formed by the 
ormal electrolyte effect of added lime. This 

action is visualized as the formation of 

hall amounts of tetracalcium aluminate 

ydrate by reaction of the exposed Al(OH) x 

roups at the edges of the clay particles with 

me sorbed on the faces of adjacent particles. 

his immediate reaction is supplemented by 
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somewhat slower reaction of the silica with 
lime to generate tobermorite gel. 

The nature of the compounds that are 
considered responsible for the slow develop- 
ment of strength in soil-lime systems has 
been discussed in some detail. The exact 
products formed vary according to the kind 
of clay and the reaction conditions, especially 
temperature. At least two phases are pro- 
duced, a calcium silicate hydrate and a 
calcium aluminate hydrate. The former is 
usually tobermorite gel; the latter is a well- 
crystallized hexagonal compound, which is 
probably an impure (substituted) tetracal- 
cium aluminate hydrate, and is characterized 
by a 7.6 A. basal spacing independent of 
drying conditions. At temperatures only 
slightly above normal room temperature a 
different calcium aluminate hydrate—the 
cubic tricalcium aluminate hexahydrate—is 
produced. 

Quartz, mica, and other phases considered 
less reactive than clays may also react under 
appropriate conditions and the result will be 
similar cementitious products. Quaternary 
phases in which silicon and aluminum atoms 
occur in distinguishable lattice positions are 
not commonly formed, but quaternary phases 
do occur when lime reacts with previously 
calcined clay or with the amorphous clay 
mineral allophane. 

Detailed knowledge is lacking on the 
mechanisms of the chemical reactions that 
produce the final cementitious products. 
Evidence exists, however, to show that the 
reactions are favored by conditions of high 

pH, which would make silica more soluble; 

addition of sodium hydroxide to lime-clay 

systems produces significant strength gains 

at early ages. This implies a mechanism 

involving reaction of dissolved silica and 

alumina with calcium ions. Evidence also 

exists to show that the reaction is preceded 
by sorption of the calcium hydroxide from 

solution and this strongly implies a direct 

surface reaction with the clay. It may be 

that both mechanisms are operative. 

Rapid Ameliorative Effects 

Addition of lime to plastic soils reduces the 

plasticity index, according to reports of many 

researchers (4, 5, 6). The separate effects of 

lime on the plastie and liquid limits of plastic 

soil are discussed individually. Usually an 

immediate increase in the plastic limit is 

observed on the addition of lime. The amount 

of this inerease varies directly with the amount 

of lime added, up to some limiting lime con- 

tent; further increments of lime usually bring 

little. or no additional increase. The point 
of inflection of the plot of lime added in 

relation to the plastic limit has been desig- 
nated by the appellation ‘lime fixation point” 

(7). The implications involved in this term 

will be discussed later. 

The effect of the addition of lime on the 

liquid limit is not so easy to summarize be- 

cause of conflicting data in published reports. 

Some authors report decreases in the liquid 

limit on addition of lime (4, 4), others report 

that this parameter may increase substantially 

(8, 9), and others (6, 10, 11) report that both 

increases and decreases occur, depending on 
the individual soil being tested. These 
discrepancies require some explanation. It is 
known that the liquid limit of a clay is far 
more sensitive to the kind of cation present 
than the plastic limit. Calcium-saturated 
clays have substantially lower liquid limits 
than the same clays saturated with sodium or 
certain other cations (12). As some—al- 
though not complete—ceation exchange occurs 
on addition of lime, the effect of the lime may 
vary and depends on the extent to which 
preexisting cations other than calcium are 
exchanged. Studies on clays of unknown 
original cation status consequently are difficult 
to interpret. 

Clare and Cruchley (8) report data that 
showed a drastic increase in the liquid limit 
for a particular clay upon the addition of 
lime; this clay was almost completely caleium 
saturated in its natural state. They also 
state that these data are typical for the other 
clays tested, in which the original calcium 

saturation ranged from 35 percent upward. 
The present writers, and many others, have 
observed that mixtures of lime and calcium- 

saturated clay, stored so as to prevent evap- 

oration or carbonation, assume an increasingly 
dry appearance; sometimes reaction is so 

extreme that a free-flowing slurry mixture 

may stiffen so that it will no longer pour or 

it will not take the shape of the container. 

This reaction would be reflected by an in- 

crease in the liquid limit of the soil. Gen- 

erally the liquid limit seems to increase on the 

addition of lime when there is no strong 

specific tendency in the opposite direction 
created by cation exchange effects. 

When the liquid limit increases on the 

addition of lime to the soil, the increase 

usually is not as large as the accompanying 

increase in the plastic limit. Thus the 

separate effects of the addition of lime to the 

soil on the liquid and plastic limits usually 

combine to result in a rather sharp decrease 

in the plasticity index. Usually only small 

percentages of lime are required to produce 

this sharp decrease in plasticity index, and 

additional increments of lime are relatively 

ineffectual. Sometimes, however, addition of 

the extra increments of lime reverses the 

trend and produces increases in the plasticity 

index. Because the plasticity index is a 

composite parameter an additional compli- 

cation arises. The plasticity index may not 

accurately reflect some of the real changes in 

the system; for example, equal increases in 

the liquid and plastic limits following a given 

treatment would be reflected as no change in 

the plasticity index. 
Additional changes generally accompany 

the aging of the system. Sometimes this 

aging effect is not large. Lund and Ramsey 

(6), for example, reported that very little 

change occurred in the Atterberg limit values 

of soil-lime mixtures after the first hour. 

However, often substantial time-dependent 

changes do ensue. For example, Wolfe and 

Allen (13) reported substantial increases in 

plasticity index for lime-soil mixtures cured for 

2 days, as compared with mixtures tested 

immediately after the addition of lime. When 
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the curing periods were extended from 2 days 

to a period of 7 to 28 days, the effect was 

reversed, and significant decreases in plastic- 
ity index were recorded; a nonplastic condition 

was recorded for most of the lime-soil mix- 

tures tested. 

Grain-size distribution 

Changes in the effective grain-size dis- 

tribution occur almost immediately following 

the addition of lime to a clay soil. Data 

obtained by conventional sieve and hy- 

drometer analysis show that a major decrease 

in the content of clay-size particles occurs 

within the first hour; subsequent results 

obtained after periods ranging from 1 hour 

up to 240 days show only small additional 

changes (6). The new grains produced as 

a result of the lime treatment are mostly 

sand size and, although relatively weakly 

bonded, are for the most part capable of 

withstanding a 5-minute dispersion period 

in a mechanical mixer (6, 13). 

Moisture-density relations 

Many researchers have reported that the 

density to which a soil can be compacted at 

a given moisture content is usually reduced 

significantly when lime is added, and delay 

in compaction causes a further reduction in 

density. To achieve maximum density for 

a given compactive effort the required mois- 

ture content usually increases, sometimes 

rather significantly. However, according to 

results summarized by Herrin and Mitchell 

(14), lime in excess of a relatively limited 

amount, on the order of 5 percent by weight 

of soil, generally causes little additional 

increase in the optimum moisture requirement. 

Volume change effects 

Lund and Ramsey (6) reported a drastic 

reduction in the volume change. This effect 

was observed within the first hour after the 

addition of lime, and the soil test showed that 

about 3 percent of lime was sufficient to 

obtain the maximum volume change effect. 

A corresponding immediate increase occurred 

in the shrinkage limit itself. Similar results 

were reported by Wolfe and Allen (73). 

Mitchell and Hooper (14) reported that lime, 

specifically dolomitie lime, markedly reduced 

the swelling of specimens tested under a 

modest surcharge pressure. The effect was 

observed after an aging period of 24 hours. 

A reduction in expansion pressure on addition 

of lime was observed by Wolfe and Allen for 

some soils, but not for others (13). 

Clare and Cruchley (8) reported significant 

increases in the amount of moisture held 

against a given suction after the addition of 

lime. 

Permeability 

Although few data are available, the 

permeability of compacted soil-lime mixtures 

has been reported to be much less than that 

of compacted soil alone (13). 

These different short-term effects can be 

regarded as different aspects of the ameliora- 

tive effect that lime has on the properties of 

clay soils. The authors attempt to define 

herein exactly what chemical or physico-chem- 

ical action is being reflected in these sometimes 
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drastic changes. Considerable evidence seems 

to point to the conclusion that these rapid 

responses are not the result of the pozzolanic 

reactions to which permanent strength gains 

are attributed. It has been well documented 

that the development of strength of specimens, 

particularly after their having been soaked, 

is a fair index of the amount of cementitious 

compounds formed (16). The experience of 

many researchers summarized by Herrin and 

Mitchell (14) and the results documented by 

Anday (17) indicate that strength develop- 

ment in soil-lime systems is a comparatively 

slow process that characteristically requires 

from several weeks to many months at 

normal temperatures. 

Mitchell and Hooper (15) pointed out that, 

if significant amounts of lime were consumed 

by permanent cementing reactions at early 

ages, delay between mixing and compaction 

should adversely affect the final strength of 

the soil. But, when all of their lime-soil 

samples were compacted to the same density, 

no adverse effect on the final strength was 

recorded for delays of up to a day between 

mixing and compacting. Similarly, if sig- 

nificant permanent cementing were to occur 

at early ages, subsequent remolding of the 

specimen should bring about a strong re- 

duction in the ultimate strength developed. 

Data developed by F. D. Shepard in 1963 

in a study made at the laboratories of the 

Virginia Council of Highway Investigation 

and Research, Charlottesville, Va., showed 

that remolding soil-lime mixtures as long as 

a week after initial compaction caused no 

deleterious effect on the ultimate strength. 

But Shepard’s data also show that when 

soil-cement specimens, in which cementation 

occurs rapidly because of hydration, were 

remolded after a week of curing, their ultimate 

strength was markedly reduced. Thus, exten- 

sive development of pozzolaniec reaction 

products seems also to be ruled out as a 

mechanism responsible for the rapid improve- 

ment of the properties of plastic soils when 

lime is added. 

Lime Fixation Point 

Extensive investigations undertaken at 
Iowa State University (7, 18, 19, 20, 21, 22) 

have led to the concept of the lime fixation 

point. This point was defined as one at 

which the percentage of lime is such that 

additional increments of lime produce no 

appreciable increase in the plastie limit. It 

was hypothesized that excess calcium cations, 

derived from the lime, in some fashion crowd 

onto the clay particles and cause them to 

become electrically attracted—a process caus- 

ing flocculation in which weak bonds exist 

between the floes. Additional lime, which 

produces calcium cations in excess of those 

that can crowd onto the clay, produces no 

further change in the plastic limit. Calcium 

held by the clay in amounts up to the lime 

fixation point was considered to be immune to 

further reaction with the clay to form cemen- 

titious compounds. The sedimentation ve- 

locity of floes formed by adding lime to a 

clay suspension reached a maximum near 

the lime fixation point, indicating that floc 

Size was at a maximum at this point (20). 

Ho and Handy (21) cited evidence that 

calcium was retained by bentonite from lime- 

bentonite slurries after a very limited washing ~ 

treatment. The amount of calcium retained 

increased as the percentage of lime in the 

slurry was increased, and for modest percent- 

ages of lime the retained calcium was far 

more than the normal cation-exchange capac- 

ity of the clay. These authors (21) hypoth- 

esized that the calcium in excess of the 

normal cation-exchange capacity was held 

at new exchange sites generated at the edges 

of clay particles by the increasing dissociation 

of acidic (_____Si(OH),) groups as the pH 

increased; hence the term pH-dependent 

exchange. However, they noted, without 

explanation, that the amount of calcium 

retained continued to increase steadily as 

increments of lime were added far beyond 

the lime fixation point and no break in the 

curve was evident. 

Ho and Handy (21) also studied several 

other features of the lime-bentonite system. 

Small additions of lime (up to about 2.2 per- 

cent by weight of clay) increased the relative 

viscosity of calcium bentonite slurries; how- 

ever, as aging of the soil samples increased, 

a continual increase was required in the lime 

content to attain maximum relative viscosity. 

These authors also made differential thermal 

studies of dried lime-bentonite slurries, and 

stated that samples to which only a small 

amount of lime had been added failed to 

generate the normal endothermic response 

characteristic of the lime. 

Ho and Handy (22) also reported the 

results of measurements of the zeta potential— 

a quantity related to the net negative or 

positive charge carried by the clay particles 

in dilute suspension—of lime-treated benton- 

ite aged either for several days (fresh) or 

for a year (aged). Calcium-saturated ben- 

tonite had a zeta potential of about —20 

millivolts. Small additions of lime caused a 

slight inerease in this potential, and larger 

additions generated a modest decrease that 

was identical for both fresh and aged samples. 

Sodium-saturated bentonite had a zeta poten- 

tial cf about —40 millivolts; additions of lime 

to this clay up to about 6 percent caused 

strong proportional reductions to —26 milli- 

volts for the fresh samples and —22 millivolts 

for the aged samples, and larger additions of 

lime caused no further change. The authors 

of this article do not agree with Ho and 

Handy’s interpretation of their results but 

attribute the large effect reported for the 

sodium bentonite to the ordinary process of 

sation exchange of calcium for sodium. 

This exchange, in accord with the results 

reported earlier by Prikryl and Esterka (2), 

was not entirely complete. 

The authors are not satisfied that the inter- 

pretations of the early ameliorative effects 

of lime on clay suggested by the Iowa State 

University researchers could be correct ir 

detail. The apparently unlimited crowding 

of positively charged cations onto the limitec 

external surface of the montmoriilonite seem: 

to be an unlikely phenomenon; if it were 

occur, a large decrease and eventual revers 

of the negative charge of the clay would b 
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expected to take place because of the limited 
number of Si(OH)x groups on the edges 
of the clay particles that could dissociate to 
generate negative ‘charges to balance the 
cation uptake. A series of investigations was 
therefore carried out in an attempt to obtain 

'} more information about these matters. De- 
tails of these investigations are not presented 
here, but some of the results have been 
summarized. 

Results of Investigations 

Measurements were carried out on Wyomi ng 
bentonite, which had been saturated with 
calcium cations by standard laboratory proce- 
dures and checked for completeness of satura- 

tion. Small quantities of the calcium-satu- 
rated clay were then shaken with a large 
amount of saturated calcium hydroxide solu- 

}| tion for different periods of time at room 
temperature, and the clay was separated by 
centrifugation. The supernatant solutions 
were recovered and promptly analyzed for 
calcium content by versenate titration and 
for hydroxyl content by titration against 

standard acid. The results listed in the 
_ following paragraphs were obtained. 

e A very rapid reduction occurred in the 

concentration of both calcium and hydroxyl. 
ions in the solution. 

e The proportion of the ions remaining in 

solution was stoichiometric, thus indicating 

that equivalent proportions of hydroxyl and 

calcium ions—two hydroxyl ions for each 

calcium ion—had been taken up by the clay, 

e About 3 percent of lime by weight of 

the clay was adsorbed within the first 5 

minutes, the minimum time in which it was 

possible to perform the manipulations. This 

amount corresponds roughly to the lime 

fixation point of the Iowa State researchers. 

e Further sorption continued at a declining 

rate for the 3 weeks that the experiments were 

continued. At that time, the total amount 

of lime removed from the solution amounted 

to about 20 percent of the weight of the clay. 
_e When the centrifugally separated clay 

was washed with an amount of distilled water 

equal to the volume of the saturated lime 

solution originally used, essentially complete 

removal of the adsorbed lime was obtained if 

the washing was done shortly after the onset 

of the experiment. However, the ratio of 

hydroxyl to calcium ions removed was slightly 

less than stoichiometric. 
e After a sample had been in contact with 

the lime solution for several days and had 

adsorbed considerable additional lime, a single 

wash, as outline in the preceding paragraph, 

removed only part of the lime; subsequent 

washings removed smaller and _ smaller 

amounts of lime. The ratio of hydroxyl to 

calcium ions removed in successive washings 

declined from values fairly close to stoichio- 

metric (about 1.7) to about 1. 

e In differential thermal analysis (DTA) 

of dried clay, which had sorbed about 4 

percent of lime from solution in about an 
hour of contact, no lime was detected. A 

Mechanical mixture of dry clay containing 
the same amount of dry lime produced a 

readily detectable endothermic response at 
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500° C., which is a response characteristic of 
crystalline lime. 

e No peaks for erystalline calcium hydrox- 
ide were observed on the X-ray diffraction 
pattern of the clay recovered from the lime 
solution; the corresponding dry mixture pro- 
duced easily detectable peaks under the same 
diffraction conditions. 

e Measurements of surface charge of the 
calcium bentonite were carried out on un- 
treated clay and on clay recovered after its 
immersion in saturated lime solution for an 
hour. The method used was the one Pike 
and Hubbard used for a similar determination 
of the surface charge of hydrating cement 
particles (23). No significant change in 
negative charge was recorded. 

In other experiments, lime was added to 
Suspensions of calcium-saturated bentonite of 
restricted water content. At lime contents of 
4 percent or less by weight of clay, the elec- 
trical conductivity of the suspension decreased 
to very low values in less than 24 hours. This 
was regarded as an indication that the lime 
was being rapidly adsorbed, accompanied by 
a consequent decrease in concentration of the 
lime electrolyte in the pore solution. Removal 
of some of the pore solution by high-speed 
centrifugation and subsequent chemical anal- 
ysis confirmed this interpretation. The re- 

sponse to lime in clay-water systems of 

restricted water content was similar to that 

occurring in dilute suspensions. 

There was no evidence of heat production or 

heat removal accompanying the addition of 

lime to calcium bentonite suspensions of re- 

stricted water content, in tests carried out 

over several hours with a moderately sensitive 

calorimeter. This finding is considered to be 

further indication that the lime sorption proc- 

ess is one of physical adsorption rather than 

chemical reaction. 

Interpretations 

The results on the early soil-lime reactions 

have been interpreted by the authors some- 

what differently than has been reported by 

others. The evidence cited permits the 

following interpretations: 

e Calcium hydroxide is physically adsorbed 

from solution at a very rapid rate by caleium- 

saturated clay and, presumably, also by clay 

saturated by other cations. This adsorption 

is largely reversible at very early stages of 

reaction, but adsorption is soon followed by a 

reaction that produces calcium silicate hy- 

drates. The conclusion that lime is physically 

adsorbed on clay surfaces was also reached by 

Prikryl and Esterka (2). 

e The adsorption removes calcium ions and 

hydroxyl ions from solution concurrently and 

does not reflect a crowding of cations only 

onto new exchange sites generated at high pH 

levels, as previously postulated by others. 

e As both ions are sorbed in equivalent 

amounts (within the limits of the accuracy of 

the analysis), no significant change occurs in 

the net negative charge of the clay particles. 

This does not preclude small changes in the 

zeta potential after chemical reaction has 

proceeded for some period of time. 

e The amount of calcium and hydroxyl ions 

sorbed immediately—about 3 percent by 

+P Oe set. To, ae oes ona) ee eee) a oe 

weight of clay—would correspond roughly to 
sorption of a little more than a monomolecular 
layer of calcium hydroxide on the external 
surfaces of the clay. This sorption corre- 
sponds roughly to the lime fixation point, and 
it is suggested therefore that the latter repre- 
sents approximately a monolayer of lime on 
the external surfaces of the particular clay. 

e The very large amount of slow sorption 
beyond the amount rapidly sorbed is believed 
by the authors to reflect several additional 
processes, but principally the process of slow 
reaction of adsorbed lime with the clay sur- 
faces to produce calcium silicate and caleium 
aluminate hydrates. The authors also believe 
that, at least in wet systems, these products 
spall from the clay surface, thus liberating 
fresh clay surface for further adsorption and 
reaction, Physical adsorption of lime onto 
the newly formed reaction products is also 

likely. Finally, a slow, restricted entry of 

lime into the interlayer spaces of the clay may 
take place. 

Mechanisms of Rapid Reaction 

The observation that adsorption of lime 

occurs in clay-lime systems does not in itself 

provide any particular indication of how the 

clay properties are so drastically changed 

within a short time after the addition of lime. 

The mechanics of this process require addi- 

tional explanation and clarification. 

Strong flocculation is commonly observed 

when lime is added to elay. In general, 

according to current colloid-chemical concepts 

(24), a clay flocculates on addition of an 

electrolyte because of the modifiying effect 

of the electrolyte on the extension of the 

electrical double layer from the surfaces of 

the clay particles. The electrolyte represses 

the double layer and thus reduces the elec- 

trostatic repulsive forces between clay 

particles. The result is a net attraction, 

especially between negatively charged faces 

and positively charged edges of adjacent 

particles, and a cardhouse or double-T 

structure develops. If the electrolyte is 

removed from the pore solution, the double 

layer again spreads out, the repulsive forces 

between particles increase, the flocs weaken 

and are reduced in size, and eventually the 

system deflocculates. 

In the experiments partially reported here, 

‘removal of lime by adsorption from the pore 

solution after a few hours caused very low 

concentrations of electrolyte; yet the initially 

formed flocs persisted and became, if anything, 

more pronounced and stable with lapse of 

time. Obviously, the lime has more pro- 

foundly altered the properties of the clay 

than can be explained by the flocculation 

effects of electrolytes described here. 

One of the authors previously has demon- 

strated (25) that lime reacts almost instan- 

taneously with hydrous alumina of high-surface 

area to generate the well-crystallized compound 

tetracalcium aluminate hydrate, CsAH,;. (In 

the shorthand notation commonly used for 

these compounds: C=CaQ, A=Al,Os, H= 

HO, S=SiO:.) This compound is also 

probably formed on the hydration of C;A in 

portland cement (26). In this article the 
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authors postulate that in lime-clay systems a 

similar immediate reaction takes place between 

the alumina-bearing edges of the clay particles 

and the lime adsorbed on the clay surfaces. 

In particular, the postulation is that this 

reaction occurs at the points of contact between 

the edges of one particle and the faces of 

adjacent particles in the cardhouse structure 

of the flocs. Calcium silicate hydrate (tober- 

morite gel) probably forms at these points of 

contact also, but slowly, perhaps over a period 

of some hours. Formation of very small 

quantities of these cementing products at the 

points of contact is believed to be sufficient to 

stabilize the flocs and knit the particles 

together so that plasticity, shrinking and 

swelling, and other norma] clay-water inter- 

actions are distinctly inhibited. The indi- 

vidual particles are cemented together well 

enough within the flocs to resist dispersion, 

and the'floes may act as single grains in mechan- 

ical analysis (6). However, the flocs were 

not bonded to each other well enough to 

provide significant strength in the overall 

clay mass, and thus the clay has been amelio- 

rated but not really stabilized. 

To develop such a _ stabilized material 

capable of holding together and _ resisting 

applied loads, compaction is required to obtain 

a minimum volume of voids, and a sufficient 

length of time must be permitted for the slow 

continuing chemical reaction to develop enough 

additional cementing products to fill the voids 

at least partially. As shown by Jambor (16) 

the strength developed in  lime-pozzolan 

systems depends to some extent on the kind 

of cementing agent formed, but also in great 

degree on the proportion of void space occupied 

by the cementing agent—the gel-space ratio 

familiar in portland cement technology. 

The formation of calcium aluminate and 

calcium silicate hydrates at particle contacts 

very early in the reaction process cannot be 

easily demonstrated because of the very small 
amounts of these products involved and the 

nature of the system. The concept is offered 

as a working hypothesis consistent with the 

known properties of the system. 

Products of Long-Term Reaction 

The reactions that occur over a long period 

of time and are, in the last analysis, responsible 

for the stabilization of the soil, are of at least 

as much concern as the ameliorative responses 

just described. Most soils consist largely of 

uncombined silica and of silicates of many 

kinds; alumino-silicates usually predominate 

in the clay fraction. Consequently, it is not 

surprising that reaction with lime produces 

compounds largely of two classes: hydrated 

calcium silicates and hydrated 

aluminates. 

calcium 

Except when formed under hydrothermal 

conditions, the calcium silicate hydrates are 

invariably poorly crystallized and difficult to 

detect. Three such phases are known in the 

literature: tobermorite gel—also called C-S-H 

gel—and the phases known as C-S-H(I) and 

C-S-H(I). The gel is a high-calecium phase 

normally generated in and responsibile for the 

strength of portland cement conerete. Of the 

three phases, C-S-H (I) has a distinctly lower 
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calcium content, a somewhat different mor- 

phology, and can be distinguished by a very 

strong exothermic peak that occurs at about 

850° C. on DTA. Although C-S-H(I) may 

be synthesized in a fairly well-crystallized 

form in the laboratory, the gel phase is in- 

variably much less well crystallized, and it has 

a maximum of only three X-ray diffraction 

peaks. C-S-H(II) is a high-calcium phase, 

whose exact properties are open to some doubt. 

All of these compounds are presumed to have a 

layer structure similar to, but not necessarily 

identical to, that of the well-crystallized min- 

eral tobermorite. The latter may be syn- 

thesized readily by hydrothermal means, but 

its occurrence in soil-lime reaction products 

produced under normal atmospheric conditions 

is extremely unlikely. 

There are several types of calcium alumi- 

nate hydrates. The one commonly formed at 

normal temperatures is a member of the tetra- 

calcium aluminate hydrate group. This group 

comprises many crystalline modifications and 

partially dehydrated states, as well as phases 

of the same basic structure, but carbonate 

groups are incorporated in place of some of the 

hydroxyls. The form generally produced by 

clay-lime reactions is most similar to a phase 

in which the composition is CyAHy-COs, and 

it has a basal spacing of 7.6 A. that is not 

changed by drying. In contrast, pure CyA Hs; 

has a basal spacing of 7.9 A. when moist, 

and the spacing diminishes stepwise to about 

7.4 A. or less upon drying. It is possible that 

the soil-lime product may incorporate some 

silicon in isomorphous substitution for alu- 

minum. 

Reactions of lime with clay minerals at 

slightly elevated temperatures generally pro- 

duce a very different calcium aluminate hy- 

drate, C3;AHs. This is a cubic phase having a 

erystal structure different from that of the 

tetracalcium aluminate hydrates; it forms 

preferentially at temperatures above about 

30° C., and once formed is stable at room 

temperature. A recent monograph edited by 

Taylor (27) covers the status of knowledge of 

both ealcium silicate and calcium aluminate 

hydrates. 

Goldberg and Klein (28) carried out the first 

published X-ray study of lime-clay reaction 

products, but detected only calcium carbonate, 

which was probably produced during air 

drying of the sample prior to its being X-rayed. 

Fades and Grim (29) reported that reaction of 

lime with pure clay minerals at 60° C. eaused 

the formation of new minerals. Kaolinite so 

treated yielded peaks for a poorly crystallized 

calcium silicate hydrate of unspecified type, 

and a peak of 5.1 A. (and others), which the 

present writers interpret as having been 

eaused by C34Hs. Eades and Grim could 

not detect any new crystalline product of lime- 

montmorillonite reaction, although it was 

obvious that reaction had occurred.  Illite 

reacted somewhat, but no positive statement 

was made as to the nature of the reaction 

product or products. 

Hilt and Davidson (30) examined the 

product of a long-term reaction of lime and 

montmorillonite at room temperature, and 

finally identified it asa C,AH),3 type of material. 

Its properties were consistent with the — 
previously mentioned product having a 7.6 

A. spacing. The published X-ray diffrac- 

tometer traces indicated weak peaks that 

were attributed to pooly crystallized calcium 

silicate hydrates. Glenn and Handy (81) 

studied the products of reaction between 

several clay minerals and different forms of 

lime at room temperature, but their results 

were not completely interpreted. They re- 

ported generally that poorly crystallized 

calcium silicate hydrates and the 7.6 A. 

calcium aluminate hydrate were found in the 

kaolinite systems; in addition, an unknown 

12.6 A. compound was formed when dolomitic 

lime was used. Montmorillonite yielded both 

the 7.6 A. calcium aluminate hydrate and 

materials whose diffraction peaks were as- 

cribed by the authors to a more nearly pure 

C,AH,;3 phase. 

Glenn and Handy observed no reaction of 

lime with quartz, and little with muscovite 

or vermiculite. In contrast, in studies of the 

products formed in field soil stabilization 

projects, Eades, Nichols, and Grim (3) 

reported that considerable reaction had 

occurred in quartz- and mica-bearing soils. 

When examined under the _ petrographic 
microscope, the quartz and mica particles had 

developed fuzzy outlines and visible cementing 

gel was present, not only as a coating on the 

grains but also in cracks within the grains. 

Examination by X-ray diffraction disclosed 

the presence of calcium silicate hydrates, as 

well as calcium carbonate. The possibility 

that calcium aluminate hydrates might also 

have been formed was not discussed. 

Diamond, White, and Dolch (33) reported 

that kaolinite and montmorillonite reacted 
with lime to produce different products under 

different reaction conditions. At 60° C. 
both clays produced calcium silicate hydrate 

classified as C-S-H(1) and the _ kaolinite 

produced the cubic C3;AH,; no crystalline 

calcium aluminate compound was formed 

from montmorillonite. At lower tempera- 

tures the products from both clays were 

considered to be tobermorite gel and the 

7.6 A. calcium aluminate hydrate. Small 

peaks at about 9 A. occurred in the mont- 

morillonite products under both conditions; 

but they disappeared when the products 

were washed and no explanation for their 

presence could be offered. These authors 

reported that both the tobermorite gel and 

the 7.6 A. calcium aluminate hydrate product 

were formed by reaction of lime with mica, 

illite, and even pyrophyllite. Reaction with 

quartz generated tobermorite gel even at 

60°.C. 

In a paper titled, X-Ray Studies of Lime- 

Bentonite Reaction Products, G. R. Glenn and 

R. L. Handy reported further results on 

long-term studies of reaction products of lime 

and montmorillonite at room temperature at 
the 66th annual meeting of the American 

Ceramic Society held in Chicago, Ill, 1964. 

In general, the formation of tobermorite gel, 

C-S-H(I), C,AH,3, and possibly C-S-H(ID 

were reported. Interestingly, fresh mixtures 

of clay and lime, as well as mixtures that had 

been allowed to react at room temperature 
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_ for several years, yielded only well-crystallized 
_tobermorite on hydrothermal treatment. The 
aluminum present in the product was believed 
to have been incorporated as an isomorphous 
replacement for silicon within the tobermorite 
lattice. 

In all the studies discussed so far, no 

quaternary compounds (that is, compounds 

in the lime-silica-alumina-water system) were 

reported. Apparently, where separate cal- 

cium aluminate phases were not developed, 

the aluminum present was incorporated iso- 

morphously in the calcium silicate phase. 
In contrast to these results, Benton (33) 

reported that reactions of lime with calcined 

kaolinite yielded the quaternary compound 
gehlenite hydrate, C,AS,, also called Strat- 

ling’s compound. This compound was formed 

in addition to the more usual products, a 

poorly crystallized calcium silicate hydrate 

and the 7.6 A. calcium aluminate hydrate. 
In a Japanese study (34) the same gehlenite 

hydrate and the 7.6 A. calcium aluminate 

hydrate were reported as the result of reactions 

at normal temperatures between lime and 

Kanto loam soils, which consist mostly of 
the amorphous clay mineral allophane. At 

higher temperatures the same soils produced 

C3AH, and a hydrogarnet quaternary phase 

instead of these compounds. When gypsum 

was also included in the treatment of these 

soils with lime, excellent stabilization results 

were obtained: the major cementing agent 

formed was ettringite or so-called cement 

bacillus, a sulfate-bearing phase formed in 

hydrating cements. 

Cementation Products 

The early physico-chemical reactions of lime 

that produce the ameliorative effects on soil 

clays, and the nature of the cementing com- 

pounds that produce the final cemented prod- 

uct have been discussed, but little has been 

said about the mechanics of the chemical and 

_ structural transformations that generate the 

final compounds. Very little is known about 

the details of the reaction processes involved, 

and most information is speculative in nature. 

This lack of knowledge is one of the major 

gaps in understanding the soil-lime system. 

Eades and Grim (29) have suggested that 

with kaolinite, “. . . the reaction seems to 

take place by lime eating into the kaolinite 

particles around the edges with a new phase 

forming around a core of kaolinite.’ Electron 

micrographs by Diamond, White, and Dolch 

(32) tend to confirm this idea because the 

edges of residual kaolinite particles were 

ragged and irregular, as though they had 

been attacked chemically. The probability 

that partial exfoliation had taken place 

also was proposed by Diamond et al; they 

also called attention to the fact that because 

two distinct crystalline hydration products 

were produced, a simple topotactic solid- 

state mechanism was not a reasonable ex- 

planation. 

At the Ist annual meeting of the Clay 

Minerals Society (1964) held in Madison, 

Wis., R. L. Sloan presented a paper, Early 

Reaction Determination in Two Hydroxide- 

Kaolinite Systems by Electron Microscopy and 
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Diffraction, in which he reported an electron- 
microscope study of the effects of treating 

kaolinite with sodium hydroxide and also with 

dilute lime in suspensions. He confirmed that 

under such conditions the primary attack on 

the kaolinite particles took place at the particle 

edges. When lime was used, he observed what 

appeared to be nucleation of a reaction product 

at or near the edges of the kaolinite particles; 

however, this product did not seem to be one 

previously reported as occurring in lime-clay 

reactions, and the exact significance of this 

observation is uncertain. 

For illite and montmorillonite soils, Eades 

and Grim concluded that “. . . Following the 

saturation of the interlayer positions with 

calcium ions the whole clay mineral structure 

deteriorates without the formation of sub- 

stantial new crystalline phases.”’ In contrast, 

Diamond, White, and Dolch reported that 

new crystalline phases (tobermorite gel and 

the 7.6 A. calcium aluminate hydrate) were 

formed from these two minerals, and even in 

advanced stages of the reaction when most of 

the clay had been decomposed, the clay that 

remained retained its crystallinity almost 

intact. For example, a 2M illite retained all 

the X-ray peaks characteristic of this poly- 

morph, and montmorillonite retained 

characteristic (060) spacing. 

Eades, Nichols, and Grim (3) suggested 

that a pH high enough to dissolve silica is an 

essential feature of the process of formation of 

calcium silicate hydrates by lime-clay re- 

actions; this idea was seconded by Diamond, 

White, and Dolch (32) who envisioned the 

solution from the edges of the clay crystals as 

a possible mode of reaction. The addition of 

sodium hydroxide to a lime-soil mixture has 

been reported to accelerate strength develop- 

ment (35, 13). Moh (86) bases his explana- 

tion of these benefits in both soil-lime and soil- 

cement systems partly on the hypothesis of 

an increased rate of the solubility of poten- 

tially reactive silica. 

The preceding arguments imply that the 

reaction path in lime-soil stabilization pro- 

ceeds through solution—that silica liberated 

from the clay reacts with dissolved lime. In 

contrast, results of tests by the authors seem 

to suggest that reaction proceeds between 

adsorbed lime and the surface layers of the 

clay with which it is in contact. Such a 

its 

mechanism has been proposed to account for — 

the rapid generation of tobermorite gel by 

lime sorbed on silica gel surfaces at moderately 

elevated temperatures (37). Perhaps, as 

seems to be so in portland cement hydration, 

both adsorbed-state and through-solution reac- 

tions take place, both contributing to the 

development of the final product. However, 

a firm decision as to the reaction path awaits 

additional intensive experiments. 

REFERENCES 

(1) Characteristics of Some Brown Grumusols 

of Arizona, by W.M. Johnson, J. G. Cady, and 

M. S. James, Soil Science Society of America 

Proceedings, vol. 26, No. 4, July-August 1962, 

pp. 389-393. 

(2) Studium Adsorpénich Rovnovéh V Alka- 

lickych Jilovych Suspenzich (Equilibrium stud- 

ies of sorbed clay mineral cations and elec- 

trolytes in alkaline solutions), by Josef 

Prikryl and Frantisek Esterka, Silikaty, vol. 

4, 1960 (in Czech). 

_ (3) Formation of New Minerals With Lime 

Stabilization as Proven by Field Experiments 

in Virginia, by James L. Eades, F. P. Nichols, 

Jr., and Ralph E. Grim, HRB Bulletin 335, 

Lime Stabilization: Mix Design, Properties 
and Process, 1962, pp. 31-39. 

(4) Comparative Effects of Hydraulic, Cal- 

citic and Dolomitic Limes and Cement in Soil 

Stabilization, by Jerry W. H. Wang, Manuel 
Mateos, and Donald T. Davidson, Highway 

Research Record 29, Stabilization of Soil With 

Lime and Fly Ash, 19638, pp. 42-54. 

(5) Effect of Lime, Moisture and Compaction 

ona Clay Soil, by Mohammad Ashraf Jan and 

Richard D. Walker, Highway Research 

Record 29, Stabilization of Soil With Lime 

and Fly Ash, 1968, pp. 1-12. 

(6) Experimental Lime Stabilization in 

Nebraska, by O. L. Lund and W. J. Ramsey, 

HRB Bulletin 231, Lime and Lime-Flyash 

as Soil Stabilizers, 1959, pp. 24-59. 

(7) Lime Fixation in Clayey Soils, by 

G. Harrison Hilt and D. T. Davidson, HRB 

Bulletin 262, Preconditioning and Stabi- 

lizing Soils by Lime Admixtures, 1960, pp. 

20-32. 
(8) Laboratory Experiments in the Stabiliza- 

tion of Clays with Hydrated Lime, by K. E. 

Clare and A. E. Cruchley, Geotechnique, The 

International Journal of Soil Mechanics, vol. 

VII, No. 2, June 1957. 
(9) Influence of Chlorides and Hydroxides 

of Calcium and Sodium on Consistency Limits 

of a Fat Clay, by Elias Zolkov, HRB Bulletin 

309, Soil and Slope Stabilization and Moisture 

and Density Determination Developments, 

1962, pp. 109-115. 

(10) Stabilization with Soil, Lime, or 

Calcium Chloride as an Admizxture, by K. B. 

Woods and E. J. Yoder, Proceedings of the 

Conference on Soil Stabilization, Massa- 

chusetts Institute of Technology, 1952, 

pp. 3-19. 

(11) Lime Stabilization Using Precondi- 

tioned Soils, by W. H. Taylor and Ara Arman, 

HRB Bulletin 262, Preconditioning and 

Stabilizing Soils by Lime Admixtures, 1960, 

joyey, WAM 

(12) Applied Clay Mineralogy, by Ralph 

Early Grim, McGraw-Hill Book Company, 

Inc., New York, 1962, p. 207. 

(13) Laboratory Evaluation of Lime Treat- 

ment of Typical Minnesota Soils, by Materials 

and Research Section, Minnesota Department 

of Highways in cooperation with U.S. Depart- 

ment of Commerce, Bureau of Public Roads 

and Minnesota Local Road Research Board, 

Investigation No. 601, Final Report, 1964. 

(14) Lime-Soil Mixtures, by Moreland 

Herrin and Henry Mitchell, HRB Bulletin 

304, Lime Stabilization: Properties, Mix 

Design, Construction Practices and Per- 

formance, 1961, pp. 99-138. 

(15) Influence of Time between Mixing and 

Compaction on Properties of a Lime-Stabilized 

Expansive Clay, by J. K. Mitchell and D. R. 

Hooper, HRB Bulletin 304, Lime Stabiliza- 

(Continued on p. 273) 

265 



Experimental Isolation of Drivers Visual Input 

BY THE OFFICE OF 

RESEARCH AND DEVELOPMENT 

BUREAU OF PUBLIC ROADS 

Introduction 

N UNDERSTANDING of the driver’s 

A visual input provides a rational basis 

for many aspects of highway design. When 

the information that the driver uses is known, 

roads can be designed so that he will receive 

this information. As no experimental tech- 

nique existed by which the visual factors in 

driving could be isolated, their nature pri- 

marily has been the subject of conjecture. 

From a scientific viewpoint, the isolation of 

visual input is both important and baffling. 

This information, used by the driver, sets off 

an action sequence of steering, braking, and 

acceleration of the car itself. Unless the 

stimulus that first triggers the driver’s reac- 

tions is known, the consequent reactions are 

not easily understood. And when man’s 

input has been specified, driving itself will be 

to a considerable extent described. The 

problem is difficult: The binocular field 

presents an enormous amount of information, 

but lack of communication lines to the driver’s 

eyes or brain prevents a determination of 

how he selects and sorts this sensory input. 

If a driver is asked what he is responding to, 

suggestive, but in no sense trustworthy, 

answers are obtained. 

A technique to determine what features of 

the road and terrain the driver is responding 

to is discussed in this article. The method 

involved having the driver guide the car while 

looking through a device containing a small 

aperture. By decreasing the visual field, the 

essential information, whatever it was, could 

not be seen at the same time: The driver was 

forced to obtain information in separate visual 

fixations. A continuous film record was 

made of the driver’s field of view, and later 

it was analyzed to determine the center of 

his visual aim and the content of each fixation. 

The essential information he was using could 

be easily identified in each separate restricted 

fixation. This technique also may be used to 

determine the aireraft pilot’s perceptual input 

and may be applicable, with modifications, 

to problems of human console design. Use 

of the aperture method was more advantageous 

than use of eye camera techniques, which 

provide a record of fixation position. The 

eye camera does not show the contribution of 

peripheral vision, and it does not provide a 

means for distinguishing essential from non- 

essential information. 

1 Presented at the 44th annual meeting of the Highway 

Research Board, Wasbington, D.C., January 1965. 

2'The advice and support of Dr. Richard M. Michaels, 

Science Advisor, Office of Research and Development, 

Bureau of Public Roads, is acknowledged by the author. 

Mildred Milazzo assisted in the preparation of this article 

by collecting and analyzing the data. 
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Lack of scientific knowledge as to what 

features of the road and terrain drivers 

respond to prompted the study reported 

in this article. In an attempt to deter- 

mine what these features might be, an 

experiment was conducted to measure 

drivers’ visual inputs when their vision 

was isolated by a limiting aperture 

device. Use of this technique forced the 

driver to look for portions of the road 

from which he could get this essential 

information. 

In the experiment, the shifts in fixation 

of the drivers’ eyes emphasized the re- 

quirements of perceptual anticipation 

and vehicular alinement in which the 

driver must look far ahead to obtain a 

general idea of conditions that he will 

have to meet and at the same time keep 

his vehicle alined on the road by closeup 

viewing. Results obtained in the study 

indicate that the driver obtains this 

information from viewing the edges and 

centerline of the road. On this basis, 

edge markings are recommended where 

contrast is low or where night usage is 

heavy and a centerline is recommended, 

especially where two-way traffic is heavy. 

Background 

Different types of information have been 

suggested as being the inputs of driving 

(1, 2, 3)3 A ranking of inputs made by a 

race driver and the editor of a_ scientific 

magazine, who evaluated their responses as 

drivers, to conspicuous features of the en- 

vironment, may be taken as representative (4). 

The race driver and the editor ranked the 

inputs to which they responded in the fol- 

lowing order: 

race driver editor 

View of the road ahead.. 1..... View of the road ahead. 
Seat-of-the-pants feel (trans- 2..... View of the car ahead. 

verse accelerations). 
‘PAachometersues ac occemes 3 .... Feel of steering wheel. 
Feel of steering wheel.... 4..... View of the road edge. 
MNES SOUNCLS ah da ees toate: Speedometer. 
View of the road behind. 6..... View of the road behind. 
Oil-pressure gage........ (ha seAP Seat-of-the-pants feel 

(transverse accler- 
ations). 

View of the car ahead.... 8..... Engine sound. 
View of the road edge.... 9..... Blinking lights. 
SDIOUS a Fn ten, ere 10.... Tire noise. 
Tire noiseyntte ate 11.... Smells. 
Blinking lights.......... 12.... Oil-pressure gage. 
Speedometer 4.5420. 50002 to are 

The race driver and the scientific editor 

agreed that the view of the road ahead ranked 

first in affecting driver behavior. Otherwise, 

their ranking of environmental factors did not 

agree. This disagreement probably reflected 

a real difference in approach to driving. 

Obviously, a rigorous experimental method is 

8 References indicated by italic numbers in parentheses 

are listed on p. 273. 

Reported by DONALD A. GORDON,'” Research 

Psychologist, Traffic Systems Research Division 

» § a A i. 

required to determine what the driver is actu- 

ally looking at and responding to. (Michaels 

and Cozan (3) have been perhaps the first to 

use rigorous experimental methods to validate 

a driving input. In field tests using lateral 

movement detectors, they showed that the 

driving response is inversely related to the 

sidewise drift of the approaching object or 

vehicle.) 

Apparatus 

An aperture device was developed that re- 

stricted the driver’s vision and recorded his 

visual fixation positions. The main parts of 

this device are a head helmet, an aperture 

observation tube, and a camera. They are 

described in the following paragraphs and 

illustrated by figure 1. 

A large plastic football helmet with frame 

supports was used to hold aperture and fiber- 

glass pulpit. An inflatable bladder filled the 

space between helmet and head and held the 

helmet firmly in place. 

An aperture observation tube 3% inches 

in length and 1 inch in diameter was used. 

The tube could be raised or lowered to accom- 

modate the observer’s eye. Aperture disks 

of varying size could be fitted on the end of 

the tube. A circular screen covered the 

peripheral areas of the driver’s field, and an 

eye patch fitted on his unused eye. 

An 8-mm. camera was mounted coaxially 

with the aperture tube. The camcra had 

an automatic (photoelectric) shutter and a 

battery-powered feed. The zoom lens was 

set at 8-mm. focal length. Speed of camera 

was slowed to 11 frames per second. The 

25-foot film roll gave 178 seconds of record. 

This was enough to cover the experimental 

course. 

Drivers 

Ten volunteers (seven male, three female) 

from the Bureau of Public Roads served as 

test drivers. All subjects had vision rated 

sufficiently good to drive without glasses. 

The age of the drivers ranged from 19 to 38 

years and the mean of their ages was 27.7. 

The years of driving experience of the volun- 

teers ranged from 1 to 24 and the mean was 

ROR 

Driving Course and Test Vehicle 

A curved 2-lane road at the Herbert S. 

Fairbank Research Station, McLean, Va., 

where traffic density is low, was used as the test 

course. Figure 2 illustrates the test course: 

It was 22 feet wide, had a center yellow strip 

4 inches wide, and was paved in blacktop. 

The shoulders of the road were planted in 

grass. The 2,805-foot length included a left 
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and a right curve. A earryall station wagon 

was used as the test vehicle. To obtain 

headroom for the helmet, the front seat of 

the vehicle was removed and a low cushion 

_ substituted for it. The test drivers could see 
over the hood without difficulty. 

oe 

Procedure 

The procedure included both practice and 

experimental phases. The program of these 

phases was carried out in a single 1-hour 
session, the procedure program is described in 

the following paragraphs. 

The driver was instructed that he would 

be required to guide the car while his vision 

: was restricted. He then practiced on a curved 

and hilly practice course, first without the 

Saperture device and later with it. After 

practice, he was asked three questions: 

e On the left curves, what did you look at 

mainly? 

-e On the right curves, what did you look at 

mainly? 

e Was there any consistent pattern of 
movement of fixations from side to side or 

backward and forward that you adopted? 

The driver operated in the experimental 
phase with: (1) open vision; (2) a large aper- 

ture of 934°; and (3) a small aperture of 4°. 

The open viewing was intended to provide a 

comparison of aperture driving with normal 

driving. The observer continually reported 

his visual fixation position on a tape recorder. 

After driving with open viewing, the drivers 
were asked the same three questions used in 

practice procedure. 

Data collected during large aperture viewing 

were compared with data obtained during the 

small aperture viewing and an analysis made 

on the effect of size of viewing aperture. The 

procedure included calibration of the aperture 

device as well as data collection. The aper- 
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Figure 1.—Aperture device. 

ture device was calibrated for each driver by 

having the driver center in the aperture on a 

2-inch square of white paper that was taped 

to a tree 50 feet away. Wooden uprights were 

adjusted until they appeared exactly on the 

left and right limits of the driver’s field of 

view, as shown in figure 3. A _ brief film 

record of the adjustment was made for each 

driver and he was cautioned not to shake the 

helmet. The film was used as a record of the 

center and outer limits of each driver’s field 

of view. As the driver drove the test course 

a continuous film record of his visual fixations 

and a tape recording of his verbal identifica- 

tions of position were made. Camera and 

tape recordings were synchronized by the 

experimenter periodically interrupting the lens 

field and simultaneously recording an auditory 

signal. When the driver had completed the 

test run he was again asked the three questions. 

The small aperture viewing was used to test 

the driver’s visual behavior under the stress of 

limited information. The procedure used 

with the small aperture was essentially the 

same as that used with the larger aperture. 

Four drivers started at the A end of the track 

and four started at point B, as shown on 

figure 2, Two patterns of starting were used 

for each of the two groups of five drivers. The 

sequence of starting points was: 

1st group 
Open viewing—A, B, A 
Large aperture—B, A, B 
Small aperture—A, B, A 

2d group 
Open viewing—B, A, B 
Large aperture—A, B, A 
Small aperture—B, A, B 

This variation in starting positions provided 

a replication of the procedure. 

Analysis—Fixation Area and Fixation 
Position 

Each driver’s record was divided into sep- 

arate fixations; that is, visual positions held 

until another was clearly assumed. Duration 

of each fixation was determined from the 
length shown on the film divided by known 

rate of film movement. A total of 3,305 

separate fixations was analyzed on 4,152 

inches of film recorded by the 10 drivers. The 

records were analyzed for fixation area and 

fixation position. 

The area of fixation described the most in- 

clusive road region covered in the small or 

large aperture. The sample areas are il- 

lustrated in figure 4. A response of the “‘whole 

road’ area implied that both left and right 

edges of the road were included in the fixation. 

The “‘left lane’ response included the left edge 

and centerline, and the “right lane’? response 

covered the centerline and right edge. The 

designation for ‘‘yellow line,” “left shoulder,” 

and “right shoulder” applied to these features 

.~+40 
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/ +50 
- 

Sa 

LENGTH OF COURSE 
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Figure 2.—Experimental course. 
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Figure 4.—Sample fixation areas. 

singly. <A few of the fixations were coded as 

“center of the left lane” or ‘‘center of the right 

lane.’’ These areas did not include an edge or 

the centerline. 

Fixation position designated the center of 

the fixation circle, which usually fell on the 

left shoulder, yellow line, right shoulder, or 

center of the right or left lane. Distance from 

the driver’s eye was determined by noting on 

the film editor the width of the road at the 

center of aim. This width could then be 

compared with the precalibrated road widths 

at 50, 100, and 150 feet from the camera. The 
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fixations could be classified as less than 50 

feet, 50 to 100 feet, 100 to 150 feet, or more 

than 150 feet. 

Essential Information Used by Driver 

On the basis of the drivers’ fixations, the 

road edges and the centerline are the essential 

information a driver needs. The importance 

of these features is shown by the summary 

results of fixation area and position given in 

tables 1 and 2. It is significant that 96.4 

percent of small-aperture viewing and 99.8 

percent of large-aperture viewing included an 

edge or center of the road. Fixation times 

coded under other areas may not have in- 

cluded an edge or the center. 

The fixation position data given in table 2 

confirm the importance of edge and centerline 

information; 80.9 percent of the large-aperture 

fixations and 85.7 percent of the small-aper- 

ture fixations were on edges or the centerline. 

Fixations not on these features included 

center of right lane, center of left lane, and 

trees on left and right. Considering the 

legitimate demands on a driver’s attention of 

signs and passing cars, it is noteworthy that so 

high a proportion of fixations was centered on 

the road and edge borders. 

; 
| 

| 

The road edges and centerline also were 

referred to in the taped verbal statements 

made by the drivers while on the test route; 

these replies are summarized in table 3. 

Statements such as: “now my eye is on the 

yellow line,” or “now my eye is on the right 

shoulder . .. near, etc.’”’ were coded as 

referring to the road. Such statements as 

“my vision just shifted back out where the 

sign is on the curve,”’ or “‘there is an electric 

pole in front of us” were coded as not referring 

to the road. As illustrated, 96.3 percent of 

the comments made when the small aperture 

was used, 95.5 percent of the comments made 

when the large aperture was used, and 84.2 

percent of the comments made when no 

aperture was used, referred to the road. The 

answers to the questions asked at the con- 

clusion of each run support the conclusion 

that road edges and the centerline are the 

important fixation points for a driver. Each 

of the 10 drivers stated that he used the 

yellow line, and 9 of the 10 mentioned the 
right shoulder at least once during the trials. 

Their other comments referred mainly to 

anticipation and alinement, which are dis- 

cussed later. 
The finding that the driver depends upon 

road edges and the centerline for guidance 

has a number of implications for highway 

research. One is the desirability of marking 

the highway edges. Poor contrast of the 

road edge will affect the safety of the driver 

and the movement of traffic, particularly 

at night or in fog. These findings tend 

to support some of the theories on lateral 

guidance. One of the theories supported is 

that steering a car involves the maintenance 

of an acceptable, steady-state visual condition 

and the nulling of deviations from an accept- 

able state. The theory that the visual feed- 

back for steering is slewing and sideslipping 

movements of road boundaries is also sup- 

ported. However, the findings of the study 

reported here do not themselves prove these 

theories to be correct. The findings also imply 

the direction future research in this area 

might follow. Visibility studies should be 

undertaken of road edges and centerlines 

under night and fog conditions. The penalty 

of adverse visibility conditions and the ad- 

vantages of using highway markings, re- 

flectors, luminaires, and other devices should 

be assessed. The visibility of lane and edge 

markings can be assessed by using available 

formulas for luminance, size, and background 

contrast (4). 
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Distance, ; Time of fixation in fixation areas 

eye to fixation 
: Left lane Yellow line Right lane 

on different fixation areas—10 drivers, combined left and right Table 3.—On-route identification of fixation 
positions—10 drivers 

Statements identifying fixation positions 

Open Large Small Whole road | Other areas 

LARGE APERTURE 

t Sec- 
; Feet onds 

150 or more__ 

Per- 
cent 
4.30 
2.20 
1.08 
0.29 

7. 87 

Per- 
cent 
0,21 
0.26 
0. 37 
0. 46 

1.30 

Sec- 
onds 
140. 84 
53. 41 
63. 02 
12.15 

269, 42 

12. 98 
Less than 50_| 3.45 

Per- 
cent 
11.70 
4,43 
5.23 
1.01 

22.37 

Sec- 
onds 
681. 66 
239. 84 
236. 48 
46. 58 

1, 204. 56 

Per- 
cent 

56. 59 
19.91 
19. 63 
3. 87 

100. 00 

SMALL APERTURE 

179.22 
25. 32 ; 71 | 97.87 
8. 67 102.6 
0.86 6 

214. 07 

150 or more__ 

BO=100 RSS y te 
Less than 50_ 

Total 

Forward Reference Distance 

' Although all drivers guided the vehicle 

_ by reference to the road edges and the center- 

‘line, the manner in which information was 

obtained differed. The variation in approach 

is clearly illustrated in individual records 

given in tables 4-6. Driver G. P. tended to 
ke view the yellow centerline at a distance 

beyond 150 feet, thus including the yellow 

line or right lane in the field of view of the 

‘small aperture and the entire road in the 

large aperture. Driver G. W. looked mainly 

at the right shoulder. Driver R. O’C. shifted 

} fixations between the centerline and the right 

‘shoulder. His main center of viewing was 

beyond 150 feet. These records refute the 

belief that a common sequence of viewing is 

shared by all drivers. 

It has been proposed that the driver has a 

fixed forward fixation distance, which in- 

creases with vehicular speed (6). If the driver 

did not look ahead to compensate for man- 

vehicle reaction, he could not meet the current 

situation. Forward reference distance should 

increase with vehicular speed to compensate 

for increased stopping time. 
To test the validity of the forward ref- 

erence formulation, correlations were com- 

Distance, 
eye to ; 

fixation Left Yellow Right 

shoulder line shoulder 

355. 49 | 

Time of fixation on fixation points 

aera 
On es a. ee ee 

28.31 | 197 
7.80 | 33.1: 
Selva 1338 
1.14] 1.3 

15. 70 
2. 64 
0. 91 
0.10 

19. 35 

826,24 
216. 05 
186. 65 
26.77 

1,255.71 45.42 | 242, 94 

puted on the 10 test drivers between speed and 

average forward reference distance. Driver 

speed was obtained by determining the film 

time between known points on the course. 

Distance divided by time then indicated 

rate. The average forward reference dis- 

tance was obtained by averaging fixation 

distances. Separate figures were obtained 

on the drivers who started at each of the two 

ends of the course. Correlations of forward 

reference position with speed, when the small 

aperture was used, were 0.55 and —0.37 

and when the large aperture was used they 

were —0.52 and 0.15 (N=5). These results 

indicate no systematic relation between 

average forward reference distance and ve- 

hicular speed. The average fixation distance 

of 142 feet, which was the same for both 

apertures, seems to be longer than required 

to respond at average speeds of 13.4 m.p.h, 

for the small aperture or 14.7 m.p.h. for the 

large aperture. Even if a relation had ex- 

isted between average forward reference 

distance and speed, it would not be very 

meaningful because of the variability of the 

fixation positions. The driver ordinarily 

looks far ahead of the ear and then, seemingly 

in disregard of anticipation requirements, he 

Table 2.—Time in seconds on different fixation positions—10 drivers, combined left and 

right curyes 

Trees left Total 
and right 

Center 
left lane 

Center 
right lane 

LARGE APERTURE 

Feet Sec. | Pct. | Sec. | Pct. | Sec. | Pct. 

150 or more___|150. 28 |12. 47 |129.19 |10. 72 |340. 89 }28. 30 

100-LEO S255 2 37.82 | 3.14 | 58.49 | 4.86 | 83.81 |
 6. 96 

BU U00 weecans 12.01 | 1.00 | 49.06 | 4.07 | 85. 28 7. 08 

Less than 50_.| ----- =. | 12,63 | 1.04 |. 16.28 | 1.27 

Votan ee ons 200.11 |16. 61 |249. 27 |20. 69 |525. 26 43. 61 

150 or more_...|104. 49 | 8.32 |357. 60 |28, 48 |252, 88 |20. 14 
“\"18-50 | 1.47 | 80.34 | 6.40 | 77.80 | 6.20 

Yowee, 2.72 | 0.22 | 79.91 | 6.36 | 79:11 | 6.30 
Less than §0..| 0.33 | 0.03 | 12.53 | 1.00 | 10.39 | 0.82 

10. 04 1530.38 |42. 24 |420.18 |33. 46 

4 

SMALL APERTURE 

Sec. | Pct. | Sec. | Pct. | Sec. | Pct. Sec. Pet; 

44,15 | 3.67 | 10.19 | 0.85 6.96 | 0. 58 681. 66 56. 59 

41.37 | 3.43 | 18.16 | 1.50 0.19 | 0.02 239. 84 19. 91 

83.90 | 6.96 Bn22et 0,024 ee ak 236. 48 19. 63 

18.59 | 1.54 0;.19) 170.02) |, Sees Bye Ee 46, 58 3. 87 

188. 01 |15.60 | 34.76 | 2.89 7.15 | 0.60 |1, 204.56 | 100. 00 

87.41 | 6.96 | 10.71 | 0.85 | 13.15 | 1.05 | 826.2
4 

sa 04 2714) B80 10 Soueee= ask}. 216,087 17. 21 

21.65 | 1.72} 3.26 | 0.26 | ----- _--- | 186.65 | 14.86 

2.93 | 0.23 | 0.59 | 0.05 | ----- cine 26. 77 2.13 

146, 03 1, 255.71 | 100.00 | 

Test viewing aperture aperture 
drivers ; 

Refer- Refer- | be [es Refer- 
Num-) ences |Num-} ences |Num-} ences 

to | ber | to ber to 
| road / road 

| 

4 / 10 
26 14 
6 < 13 

22 34 
3 

33 
14 
32 
14 
9 

| 
References 

to road 
(qe aes 

may check his alinement with the road. This 

variability and the adjustment of fixation to 

particular road conditions makes the concept 

of average forward reference distance largely 

an abstraction. 

Left and Right Curves 

The fixation pattern differed somewhat on 

left and right curves, as shown in tables 7, 8, 

9, and 10. The point of fixation in distant 

vision deserves special attention. Signs and 

other visual aids should presumably be lo- 

cated where the motorists eye tends to fall. 

When drivers looked through the large aper- 

ture, their eye fell 6.48 feet from the right 

edge of the road (left curve average of fixa- 

tions beyond 150 feet). The corresponding 

figure for the right curve was 8.91 feet. When 

the small aperture was used, the drivers’ 

eyes fell 6.95 feet from the right edge on. a 

left curve and 10.38 feet on a right curve, 

The average shifts in fixation position are 

statistically significant at the 0.01 level 

(t-test). Apparently the eye moves to the 

left on a right curve; but on the average, it 

does not cross into the opposing lane. The 

results support the practice of placement of 

signs on the right side of the road, 

Perceptual Anticipation and 

Alinement 

Most records show continuous visual shifts, 

forward to the limit of the road and backward 

toward the vehicle. The record of driver 

E. C. shown in figure 5 illustrates these move- 

ments. On the left curve, rapid fixation 

movements occurred between positions beyond 

150 feet and those less than 50 feet from the 

driver. These shifts also occurred along the 

right shoulder when the driver was on a right 

curve. When the small aperture was used, 

48 percent of all drivers’ fixation sequences 

crossed the zone borders at 50, 100, or 150 

feet, and when the large aperture was used, 

55 percent of the drivers’ sequences crossed 

the zone borders at these distances. These 

movements may be explained by the con- 
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Table 4, Part 1.—Time in seconds required by driver G. P. on different fixation areas and positions through small aperture—left curve 

Dee ee ee ee See 
Time required for fixation area Time required for fixation position 

Distance, eye 
fixation 

i ‘ 

if sears Left lane | Yellow line Right lane Whole road | Left shoulder | Right shoulder Total Left shoulder | Yellow line |Rightshoulder Total 

LEFT CURVE, SMALL APERTURE LEFT CURVE, SMALL APERTURE 

By Dae pie eee AS a Ade te 

Feet Sec. | Pct. | Sec. | Pct. | Sec. | Pct. | Sec. | Pct. | Sec. | Pct. | Sec. | Pet. | Sec. | Pet. Sees Ne Pets. | Sect Pct.” Wi Secaalia Pete |) ecan ace ces 

150 or more__-| 35.47 | 23.9 | 37.73 | 25.5 18.61 | 12.6 | 38.26 | 25.8 | 7.12 4.8 2. 63 1.8 |139.82 | 94.4 3. 26 2.2 {124,11 | 83.8 12. 45 8.4 |1389.82 | 94.4 

100-150__....-- AD? = 4. 67 3.1 eae se el es Sts ae — aaa 4.67 | 3.1 5 aaa 4.67 | 3.1 ae a3 4.67 | 3.1 

BUHL 00S5.5—=ee= ‘ane sa 2. 45 1.6 Eas Lae 0.70) 0.5 fee a5 0, 11 0.1 Ben, ae ost ae 3.15 | 2.1 ONT eed 3.26 | 2.2 

Less than 50_-} --- sale 0.41] 03 aoe rr: xe ee See! ae nee a= 0.41 | 0.3 = Bee 0.41 | 0.3 ae) = 0.41 | 0.3 

Total=caccs 35.47 | 23.9 | 45.26 | 30.5 | 18.61] 12.6 | 38.96 | 26.3 eI Sie AsS alend 1.9 |148.16 |100.0 3. 26 2.2 |182.34 | 89.3 | 12.56] 8.5 [148.16 |100.0 

Table 4, Part 2.—Time in seconds required by driver G. P. on different fixation areas and tradictory requirements of perceptual an- 

positions through large aperture—right curve ticipation and vehicular alinement. Percep- 

; ] ; : = tual anticipation requires the driver to look 
Se as oa Time required for fixation area Time required for fixation position far ahead to obtain a gen eral idea of conditions 

to fixation ill have met. Alinement be- 
Yellow Whole road Total Left Yellow Right Trees Total that will h 3 to be et. F ement be 

line shoulder line shoulder havior requires closeup viewing to ensure 

that the vehicle is on the road. 

RIGHT CURVE, LARGE APERTURE RIGHT CURVE, LARGE APERTURE The drivers mentioned anticipation and 

3 , wins : 

Feet Sec. | Pct.| Sec. | Pct.| Sec. | Pct. || Sec. | Pct.| Sec. | Pct.| Sec. | Pct.| Sec. | Pet.| Sec. | Pet. alinement in explaining how they guided the 

160 or more___|0. 82 | 0.7 |111. 43 |93.3 |112.25 | 94.0 ||27.69 |23.2 |39.60 |33.2 [43.74 [36.6 | 1.22 | 1.0 |112.25 | 94.0 ear. Excerpts from the record illustrate these 
100-150__ ----- 0.80 | OS) 4.67 [as9 6. 56M) 42701100. 74.160..6.193.22 1 -2.78/0160 | 1. 4 | eee e 5.56 | 4.7 Hoek 
BOA100 Fb oa ce|aco a kee ES Cl fee Pay dager PAOLO Sees tikes 1a.c anes 1.19 | 1.0 AclIVILIEs: 
Less than 5022) 20 225) 2 set s0ss i) Orda o sa en Od enema ooe ee OSTA Odo) aae eal | 2 ele 0.37 | 0.3 Question : How did you guide yourself on the 

opalsssace 1.71 | 1.5 |117.66 |98.5 |119.37 |100. 0 ||28.43 |23.8 |44.38 |37.2 /45.34 |38.0 | 1.22 | 1.0 /119.37 |100.0 right curve. 

Table 5.—Time in seconds used by driver G. W. on different fixation areas and positions—combined left and right curves 

Time of fixation 

Distance, eye to fixation Fixation area Fixation position 

Right lane Whole road Total Left shoulder Yellow line Right shoulder | Center right lane Total 

SMALL APERTURE 

Seconds | Percent | Seconds | Percent | Seconds | Percent || Seconds | Percent | Seconds | Percent | Seconds | Percent | Seconds | Percent | Seconds | Percent 
ADO ORM Ole. =e ees cee 8, 23 8.4 7,12 7.2 15. 35 15.6 0. 41 0.4 2.74 2.8 12. 20 12.4.7 |\Ss ee ae oe 15. 35 15.6 
S00—1 5082 sae s-- eee 30. 40 30.8 3.15 3.2 33. 55 Se id | ie gee Ss 0. 26 0.2 32. 92 33. 4 0. 37 0.4 33. 55 34.0 
5O=}00 S22 ea ee eee 47.15 47.9 0.11 0.1 47. 26 AS OMe cose Sa ile pene 0.11 0.1 47.15 4759 ON Vie a eee 47. 26 48.0 
Less than b0f6ee. = ese 2. 37 D4 Wo coc eo opel Neatee 2. 37 7 Pe Se, | eee a ee el fe tear | PNB YE Dy Ae SR ee 2. 37 2.4 

PC OtAIR wr eee, ee eee 88. 15 89.5 10. 38 10.5 98. 53 100. 0 0. 41 0.4 3.11 Sal 94. 64 96. 1 0. 37 0.4 98. 53 100.0 

LARGE APERTURE 

BO OF TOTO see onesie oe we 32. 66 30.8 64, 20 60. 7 96. 86 91.5 13. 72 13.0 6, 86 6.5 72. 65 68. 6 3. 63 3.4 16. 86 91.5 
ROUSE DU ae ce ae cee an 7. 34 7.0 0. 56 0.5 7.90 MODE SSeS IN ee ee ee oe Sete © oe 7.90 710. eee 5 90 7.5 
REDE SRR es eae ay Yee! 0, 52 0.5 0. 52 0.5 1. 04 UU i erates a Om 0. 52 0.5 0. 52 0.6 2S ee Se 1. 04 1.0 
Less than 60) 2.2...c22..-..f ‘chab af ¢ e Se Ae | epee rs owen Se ce ea er ae 

EON Saag ieee eet eee 40. 52 38. 3 65. 28 61.7 | 105.80 100. 0 13. 72 13.0 7. 38 70) 81. 07 76.6 3. 63 3.4 | 105.80 100. 0 

Table 6.—Time in seconds used by driver R. O’C. on different fixation areas and positions—combined left and right curves 

Time of fixation 

Distance, eye to Fixation area Fixation position 
fixation : 

Left lane Yellow line | Right lane | Whole road Total Left Yellow line Right Center right | Center left 
shoulder shoulder lane lane 

SMALL APERTURE 

Feet Pet. Sec. Pts Sec. R ; Pet. Bec: 
18.4 | 152.20 | 89.6 || 22.: A 5 “1 | 42.00 | 24.7 | 28.20 
Sef ; 10.0 || 0. ; 8: ; 68 | 5.7 

32.5 | 13.13 : . 4 : - 18.4 

56.1 
21.4 

77.5 | 127.96 
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Answer by test driver G. P. when small 

aperture was used: ‘‘Well, I just saw the same 
thing. My vision would go out to the curve. 
I’d see as much as I could and then come back 

again. One time I stayed out too long and I 
was out of the road.” 

Question: Was there any pattern of move- 

ment. 

Answer by test driver R. O’C. when small 

aperture was used: “‘Just that I... you look 
ahead frequently to see the whole situation— 

then come back to your immediate points of 

reference. I wanted to see what was ahead 

and then put myself within the lane by some- 

_ thing closer—centerline or shoulder line.” 
; Question: How did you guide yourself on 

the left curve. 

Answer by test driver N. M. when no aper- 

ture limitations were imposed: ‘‘Going into a 
left turn, generally I was looking at the center 

strip and the curvature in the distance along 

the left side of the road. Andas I approached 

the curve—got into the curve—I was looking 

generally at the center strip and the right side 

of the shoulder.” 
The author recommends that the driver 

should always be given an unimpeded view 
ahead that is sufficient to satisfy his anticipa- 

tion requirements. The fact that drivers need 

to perceptually anticipate conditions ahead 
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Figure 5.—Anticipation and alinement, 

has application to road design. This need 

to anticipate conditions ahead has been 

recognized in traffic regulation and guidance, 

road design manuals, and comes out clearly 

in the data collected in the study reported 

here, Little is known about perceptual 

anticipation requirements in the variety of 

situations met on the highway and further 

research in this area may be very profitable, 

Methodological Problems 

Two of the methodological problems en- 

countered in the study discussed here are: (1) 

The adequacy of introspective data (on-route 

Table 7.—Summary of time required by 10 drivers, using aperture, on different fixation 
positions 

Distance, eye to 
fixation Right 

Left shoulder | Yellow line shoulder 

Time required for fixation 

| Center right| Center left | Trees, left 
lane lane and right / Total 

sides 
| Lisl 

Feet 

35. 92 

13. 83 

267. 97 

LEFT CURVE 

148. 83 los, 90 
6. 62 

69. 39 |12. 07 
2. 41 

46. 63 

| Sec. | Pct. 
6. 59 | 1.04 
.19 | 0.03 

} Sec. | Pet, 

8.63 | 1.37 
2.71 17. 05 

4,52 | 0.72 Ss] 
0.19 | Or08/ |, oa ws 27 

30. 39 / 4.83 | 6.78 1.07 

RIGHT CURVE 

| | 
25.10 | 4. 
16.35 | 2 
41. 68 
as 

as 16 bee 56 ) 

| 817, . 19 
97.35 | 16,94 

131.60 | 22.90 
28.57 | 4.97 

574.65 (100. 00 
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statements of fixation, answers to question- 
naires) for indicating the driver’s visual input, 

and (2) the effects of the stress imposed by 

limiting information with the small aperture. 

The on-route statements and the questionnaire 

data were suggestive, but the introspective 

data had a shortcoming of incompleteness. 

The 3,305 separate film fixations obtained 

permitted a reliable analysis of the distribu- 

tion and sequence of eye positionings. In con- 

trast, the 563 statements given on-route and 

the 20 questionnaire responses offered only a 

skeletal indication of what was going on, 

However, the introspective data provided 

confirming evidence of the validity of the film 

analysis, and they were valuable in revealing 

the drivers’ purposes in perceptual anticipation 

and alinement. These uses and limitations of 

introspective data are similar to those gener- 

ally encountered in experimental work. The 

complexity of fixation data has been noted in 

previous eye camera studies (7). 

The adaptation made by drivers to the 

stress of limited information is shown by a 

comparison of results from tests in which the 

small and large apertures were used (tables 1 

and 2). When looking through the small 

aperture, drivers fixated the yellow line 42.4 

percent of the time and the right shoulder 

33.5 percent, and this enabled them to track 

the yellow line or view the entire right lane. 

When looking through the large aperture, 

drivers could see the entire road and this 

inclusive feature was used 68.3 percent of the 

time; the right lane was used 22.4 percent of 

the time as it could be covered even when the 

driver looked close to the car. The records 

seem to indicate that the driver selects a 

view that permits him to do the job. Under 

stress, this may be as simple as holding fast 

to the yellow line and tracking it, as illus- 

trated by the record of G. P. given in table 

4. However, the driver prefers to see more of 

the road; even when the small aperture was 

used, the entire right lane was viewed 45.4 

percent of the time and the entire road 19.4 

percent of the time. 

Recommendations 

The experimental evidence of the study 

reported here is the basis of suggestions for 

the design of highway markings. The 

experimental evidence must be weighed along 

with considerations of cost, public acceptance, 

current usage, and similar factors before it 

can be applied. But experimental findings 

have special status because they are perhaps 

less subject to debate than other considera- 

tions. 

Results of the study provide a rationaliza- 

tion for edge and center lane markings. The 

question remains as to which features should 

be emphasized by being specially marked. 

The evidence indicates that driving can be 

done by use of only the centerline (table 1, 

small aperture). This might lead to the 
recommendation that only the centerline be 

presented. However, drivers prefer to see 

the right lane and the entire road, as evidenced 

by the large proportion of total time spent on 

these features. Factors other than those con- 
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Table 8.—Summary of time required by 10 
fixation 

Distance, Time 
eye to 
fixation 

Left lane | Yellow line | Right 

drivers, using large aperture, on different 
areas 

required for fixation 

lane Whole road | Other areas ! 

LEFT CURVE 

Feet : ¢ : : Sec. 
150 or more--- 3 135. 72 
100-160. -2=22- 53. 41 

§2. 42 
6. 67 

248. 22 

Cee 
21. 55 
8.48 
8. 32 
1. 06 

39, 41 

RIGHT C URVE 

1 Left shoulder, center left lane, center right lane, right sh 

Table 9.—Summary of time in seconds requi 

0. 89 

1.85 
0.95 

3. 69 

oulder. 

red by 10 drivers, using small aperture, on 
different fixation positions 

Time 
Distance, 

required for fixation 

eye to 
fixation Right 

shoulder 
Left shoulder | Yellow line Center 

left lane 
Trees, left 
and right 

Center 
right lane 

LEFT CURVE 

Feet ; ‘ : : Gr, 
150 or more__- 7 | 23,83 

4.79 
7.81 
1.19 

37. 62 

Sec. , ; 4 : S|) EST Pct. 
56. 08 P 462.92 | 62.33 
14. 86 i i 5 120. 58 | 16.24 
iforel ; h 135. 30 | 18.20 
1.90 ey ; 24.02 | 3.23 

80. 55 742. 82 |100. 00 

RIGHT CURVE 

150 or more_-- ; . 87 P 14. 80 
100-150 Ay .42 | 26. 76 5 whe 8. 24 

i 4.11 
0. 29 

27. 44 

Table 10.—Summary of time in seconds requ 

31. 32 363. 35 | 70.85 
19. 16 95.45 | 18. 61 
13. 94 51.34 | 10.01 
1.04 2 J - | 2.74] 0.53 

65. 46 512. 88 |100. 00 

ired by 10 drivers, using small aperture, on 
different fixation areas 

Time 
Distance, eye 

to fixation 
Yellow line Left lane Whole 

required for fixation 

road | Right lane | Other areas 1 

LEFT 

Feet Sec. é f F Sec. 
150 or more___ 68. 84 

12. 93 
6. 82 
1.15 

89. 74 

RIGHT CURVE 

CURVE 

Pet: : B Sec. | Pet. Sec. Pete 
9. 27 ) 8.52 | 1.15 | 462.92 | 62.33 
1.74 ), 7.98 | 1.07 | 120.58 | 16.24 
0. 92 . 5.00 | 0.67 | 185.30 | 18.20 
0.15 2: 0.11 24.02 | 3.23 

12. 08 ; : 2. 3.00 | 742.82 |100. 00 

157. 70 128. 25 
20. 20 
4. 56 
0.18 

153. 19 

1 Right shoulders, left shoulders, center right lane, center 

sidered in the experiment reported in this 

article will dictate road marking policy. For 

example, road edges differ in luminance and 

contrast, and hence the need for them to be 

painted. Where contrast is low or where 

night usage is heavy, edge markings are 

recommended. Where two-way traffic is 

heavy, a centerline should be used. 

363.35 | 70.85 
95.45 | 18. 61 
51. 34 | 10.01 
2.74 | 0.53 

512. 88 | 100. 00 

left lane, 

The analysis of fixations on curves indicates 

that a driver tends to shift his distance 

fixation to the left on a right curve. How- 

ever, the movement is not large enough to 

move the average fixation position across into 

the opposing lane. Presumably then, high- 
way markings should be presented on the 

right side of the road. 
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Sunes and Conclusions 

A technique to determine what features of 
the road and terrain the driver is responding 
to is presented in this article. The method 
involved having the driver guide the car while 
looking through a device containing a small 

aperture. By decreasing the visual field, 

the essential information, whatever it is, 

cannot be seen at once: the driver is forced to 

obtain this information in separate visual 

fixations. A continuous film record was made 

of the driver’s field of view and later analyzed 

to indicate the center of his visual aim and 

the content of each fixation. This aperture 

device was used to obtain visual positional 

data on 10 drivers who followed a 2-lane road, 

where traffic density was low. The film 

records provided 3,305 separate fixations, 

which were coded for position, distance from 

the eye, and duration. Conclusions made on 

the basis of the analysis were: 

e The essential information required by a 

driver is provided by the road edges and center 

lane marker. At least one of these road 

features was included in 98.2 percent of the 

fixations made when the large aperture was 

used. The drivers’ on-route statements of 

fixation position, and the answers to a ques- 

tionnaire also indicated the importance*of the 
road edges and lane marker. 

e Although all drivers utilize the road edges 
and centerline to guide the vehicle, the manner 
in which this information is obtained differs 
from subject to subject. The film records 
refuted the idea that the driver has a fixed 
point of forward reference or that a common 

pattern of viewing is shared by all drivers. 

e In going from a left to a right curve, the 

position of fixation tends to shift in the 

opposite direction, that is from right to left. 

However, the average point of fixation beyond 

150 feet did not cross the centerline into the 

opposing lane. 

e The persistent pattern of fixation move- 

ments, forward to the limits of the road and 

back again to the vehicle, are explained by 

the contradictory requirements of perceptual 

anticipation and vehicular alinement with 

the road. This conclusion and the preceding 

one should be tested further, if possible, with 

eye-camera techniques, 

Methodological problems concerning the 

adequacy of introspective data for determin- 

ing the driver’s visual input, and the stress of 

small-aperture viewing have been discussed. 

The implications of results to the placement 

of signs and highway markings have been 

presented. 
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Travel Habits in Cities of 100,000 or More 
BY THE OFFICE OF Reported by! Mrs. THURLEY A. BOSTICK and 

RESEARCH AND DEVELOPMENT 

BUREAU OF PUBLIC ROADS 

Introduction 

HE PURPOSE of this article is to present 

some information on the travel character- 

istics of workers now living in cities, exclusive 

of the surrounding urban areas, where the 

population is 100,000 or more. The data con- 

sidered are the choice of travel modes used 

by workers related to the nearness of public 

transportation to work, the distance to work, 

and the family income. Also considered is the 

distribution of trips and travel to the down- 

town area by purpose of trips and, for each 

purpose, the proportion of all trips destined 

for the downtown area. 

The principal data on which this article is 

based were derived from a_ nationwide 

automobile-use survey conducted in the spring 

of 1961 by the Bureau of the Census under 

contract to the Bureau of Public Roads, 

supplemented by information that since has 

become available. The sample used by the 

Bureau of the Census was approximately 

5,000 dwelling units from the Current Popu- 

lation Survey. This survey, conducted 

monthly by the Bureau of the Census, is 

based on a_ statistically selected sample 

representing the noninstitutional civilian pop- 

lation. It is made to obtain current informa- 

tion on employment, unemployment, and 

related economics. Data from more than 

1,500 of the 5,000 households in the sample 

were collected for the study reported in this 

article. These households were located in 

cities having a population of 100,000 or more. 

Because these data were based on a probability 

sampling of households, the information is 

subject to sampling variability. 

The term “sampling variability”’ refers to the 

differences that might be expected between 

results of sample surveys and the results that 

would have been obtained from a complete 

enumeration of all households. Based on the 

estimates of sampling variability that occurred 

as a result of the use of the sample of 1,300, 

the odds were about 2 to 1 that the estimated 

number of trips would differ by no more than 

10 percent from the unknown value that 

would have been obtained had the complete 

enumeration been made. The comparable 

measure of relative sampling variability for 

the estimate of vehicle miles was 20 percent 

for the same odds. 

Conclusions 

Information related to travel characteristics 

of residents of large cities, obtained from 

sources that are valid for nationwide (but not 

local) comparisons, has been presented in this 

1 Presented at the 44th annual meeting of the Highway 

Research Board, Washington, D.C., January 1965. 

2 Mr. Todd is now with Wilbur Smith and Associates. 
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The preferences for certain modes of transportation by the urban population 

are considered in the survey reported in this article. These preferences are 

expected to be helpful in planning for highways and transportation systems to 

meet the needs of an expected urban population of 230 million by 1990. 

Travel habits, income, and other information about the economics of persons 

living in cities of 100,000 or more population are discussed. Information is 

included on the availability of the nearest public transportation to work and the 

mode of travel to work; the relationship between family income and the mode of 

travel to work; and the distribution of automobile trips and travel to the down- 

town shopping areas, by purpose and length of trip. 

During the spring of 1961, a nationwide automobile-use survey was made for 

the Bureau of Public Roads by the Bureau of the Census. In addition to the 

characteristics of automobile use by households, data were collected on income 

and composition of families for different population groupings. Because it has 

been estimated that 80 percent of the people in the United States will be living in 

urban areas by 1990, the preferences for certain modes of transportation and of 

how these preferences may influence the direction of future transportation de- 

velopment must be considered in current planning. 

article. From this information, it is con- 

cluded that the automobile is the mode of 

transportation used by a large proportion of 

the residents of large cities, regardless of the 

availability of other modes. Beeause a 

worker lives close to public transportation 

does not necessarily influence his use of it as 

his regular means of getting to and from work. 

Neither does closeness of home to work by 

itself prompt a worker to forego use of his 

automobile for trips to work. Use of the 

automobile for trips to work tends to increase 

as income increases. 

Although only one-seventh of all automo- 

bile trips made for purposes of earning a 

living were destined for the downtown area, 

more than half of all the trips having down- 

town destinations were made for this purpose. 

Background 

An assumption can be made that the major 

portion of highway needs of this country will 

be concentrated in urban areas in the next two 

or three decades. Probably by 1990 about 

80 percent of the total population of the 48 

contiguous States and the District of Columbia 

will be residing in urban areas. Projections 

of future population range from 262 million to 

301 million for the year 1990. A recent pro- 

jection prepared by the Bureau of Public 

Roads for 1990 is 286 million. If the prob- 

bility holds that 80 percent would be resi- 

dents of urban areas, the resultant urban 

population would be 230 million. 

The planning and constructing of the urban 
highway system—or, for that matter, systems 

including all modes of urban transportation— 

to meet the travel needs and desires of 230 
million persons is a task of unparalleled mag- 
nitude in transportation history. As more 

and more people live in urban concentrations, 
planning for transportation systems becomes 

increasingly necessary. Such systems should 

embrace the different modes of transporta- 

tion in a balance that will provide efficient 

and effective service for States and local com- 

munities. The study of travel habits of 

workers reported here provides some informa- 

tion on preferences for certain modes of trans- 

portation and how these preferences may 

suggest the trend of future transportation 

development. 

Transportation to Work 

Some form of public transportation was 

available within 2 blocks of the homes of 69.3 

percent of all workers who lived in places 

having a population of 100,000 or more, as 

shown in table 1. At the other extreme, 8 

percent had no public transportation available 

for trips to work. Public transportation was 

available 6 blocks or less from home for 87 

percent of all workers. Furthermore, of the 

workers living 15 miles or more from work, 

15.6 percent had no public transportation 

available nearer than 6 blocks or less from 

home; for workers living closer than 15 miles 

to work, less than 5 percent had no public 

transportation closer than 6 blocks from their 

homes. 

Half of all workers who had some form of 

public transportation available for trips to 

work chose to use automobiles for this pur- 

pose, as shown in table 2. The percentage 

was a little more thaa the average for workers 

who lived within 2 blocks of public transpor- 

tation. Possible reasons for this might have 

been inadequacy of or dissatisfaction with the 

public transportation system. 

The time factor may have entered into the 

choice of the automobile as the means of 

getting to work. The Bureau of the Census 

has compiled data in the Preliminary Progress 

Report, Home to Work Travel Survey, 1963 

Census of Transportation. In the data shown 
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for central cities of standard metropolitan 
statistical areas, 74 percent of the persons 
commuting to work by automobile required 
less than 25 minutes to get there, whereas 
only 25 percent of the workers commuting by 
public transportation were able to get to 
work within that time. These figures may 

be an indication of the importance that 
commuters attach to time savings. 

Of the one-half of all workers who did not 
choose to go to work by automobile, 38.6 

percent used public transportation and 11.5 

percent walked or used a bicycle, as shown in 

table 3. Where the distance to work was 

Table 1.—Percentage distribution of work- 
_ ers, by distance to nearest public trans- 

portation to work ! 

Nearest public transportation, 
by workers 

Distance to work, 
one way 

1-2 
blocks 

3-6 
blocks 

More 
than 6 
blocks 

ae Miles 
Less than 5 

| 1 Nationwide automobile-use survey, spring 1961—for per- 
_ sons living in places having a population of 100,000 or more. 

Table 2.—Percentage distribution of work- 
_ ers using automobiles for trips to work, 
_ by distance to nearest public transporta- 
tion to work ! 

PUBLIC TRANSPORTATION 
le—WALK OR BICYCLE 

Figure 1.—Distribution of persons in each family group, 
home-to-work transportation. 

$4,.000- $5,000- $10,000- 
4,999 9,999 14,999 

by mode of 

less than 1 mile, 74.9 percent of the workers 
either walked or rode a bicycle. But even 
at this relatively short distance from home to 
work, 14 percent chose to go by automobile 
and 11,1 percent used public transportation, 
Moreover, most of those who went by auto- 
mobile were drivers, not passengers. 

The mode of travel to work, by 1-mile 
increments from 1 to 4.9 miles and then by 
d-mile increments, is shown in table 3, 
Generally, the longer the distance from work, 
the larger the proportion was of workers using 

automobiles for home-to-work transportation. 

Data in the table also indicate that mileage 

to work influences the extent of car pooling, 

As the distance to work increased to more 

than 3 miles, a higher proportion of workers 

were reported as automobile passengers, the 

range being from 5.4 percent in the 4- to 

4,9-mileage group to 12.7 percent in the 20- 

to 24,9-mileage group. 

Family Income and Mode of Travel 

The choice of mode of travel to work is 

undoubtedly influenced by many factors, 

singly or in combination. Probably, at least 

two and possibly more of these factors enter 

Table 3.—Percentage distribution of work- 
ers, by mode of travel and distance to 
work ! 

Mode of travel, by workers 

Automobile | public 
{ trans- 

Distance to work, 
one way 

eS | porta- 
Driv-!| Pas- tion or 

er | sen- 'Total| combi- 
| ger nation 2 

i 

Pet, | Pct. | 
13.1} 0. 
40,2 | 
41. 

| 51, 
55. 

| 48. 
50. 

ct 4 
| 52. 

Lei Re 
14.0 | 
45.0 | 

| 43.4 | 
59.6 | 
60. 9 

57. 
| 57, 

49. 
| 65. 

64. 

| 39.4 

49.9 | 38. 

Miles 
Less than 1 
0-1 

X20 RS 

One nwoan mor Oo 

_ 

me OWwom acw 08S 0 1.90 25. 0 or more______- 

i a Unknown 4________| 19,7 

Tofgliceeee se. | 43. $ ro a | 

1 Nationwide automobile-use study, spring 1961—persons 
living in places having a population of 100,000 or more. 

? Public transportation or public transportation and - 
mobile. seo 

3 Less than 0.1, 
4 Distance not reported, less than 3 percent of that reported. 

Table 4.—Percentage distribution of work- 
ers, by family income and mode of home- 
to-work travel ! 

Mode of travel, by workers 

| Publie 
| trans- | Walk 
| porta- | or bi- 

Total | tion or | cycle 
| combi- | 
| nation 4 

Automobile 
Family income 

Driy-| Pas- 
er | sen- 

| ger 

Pet; 
54.3 

Dollars 
Less than 1,000___- 
1,000-1,999 

Pet. | 
20.6 | 

14,1 | 
21.9 | 
35, 2 
48. 6 | 

Pet : 
25, 1 

3,000-3,999 
4,000-4,999 

5,000-9,999_._._-__- 50. E 59.1 
10,000-14,999_.____- 54. ¢ s 56. 2 

9 

OW St 

Nn 

15,000 or more 63. ¢ j 63 

Unknown 4 41, $ 45, 

3 

49.9 

1 Nationwide automobile-use study, spring 1961—persons 
living in places having a population of 100,000 or more, 

2 Public transportation or public transportation and auto- 
mobile. 

3 Less than 0.1. 
4 Income not reported, 13 percent of sample 

Table 5.—Percentage distribution of automobile trips, by purpose and family income! 

Percentage of trips for families having incomes of— 

Purpose of trip 
Less 
than 
$1, 000 

1, 999 
$1, 000— | $2, 000- 

2; 999 
All $10, 000-| $15, 000 

income 14,999 | or more | 

| 

$3, 000- 
3, 999 

$4, 000- 
4’ 999 

$5, 000- 
9, 999 

| Percent | Percent Percent 
36. 3 

3.5 
39.8 

Percent 
37.7 
4.9 

42.6 

Percent 
16.2 
8.5 

247 

Percent | Percent 
26.5 30.6 
ey 7.2 

28,2 37.8 

Percent arning a living: = Earning a living Sigs 
To and from work 
Related business 
Total Aes eee week 

33.8 29. 0 
5.3 | 4 

39.1 33, 7 
Nearest public transportation, 

for workers 2 

Family business: Distance to work, 
one way Medical and dental 

Shopping="S25 th ae 
All dis- 
tances 

More 
than 6 
blocks 

1-2 3-6 
blocks | blocks 

Educational, civic, and 
religious 

Per- 
Miles 

5 0-9 oma ; Social and recreational: 
Vacations- 
Pleasure rides LOOP 1Ores.2 see 

All distances 

1 Nationwide automobile-use survey, spring 1961—persons 
living in places having a population of 100,000 or more. 

2 Excludes persons for whom no public transportation was 
available. 

1 Nationwide automobile-use study, spring 1961—persons living in places having a population of 100,000 or more. 

2 Less than 0.1. 
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Table 6.—Percentage distribution of automobile trips and trayel to downtown shopping 

areas, by major purpose! 

Purpose of trips and travel 

Distance from residence, one way | Earning a living Family business | Educational, civic, Social and 
and religious recreational 

Trips Travel Trips Travel Trips Travel Trips Travel 

Miles Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent 

Woess than 2s eek: 22 aoe s 28.6 29.7 62.8 61.7 eat 0.9 7.56 api 

D0 Uni ree toe cen a> see eae 58.1 57.2 30.3 30.6 2.5 2.6 9.1 9.6 

DiQ-O 0 sas Soh sae ch ee aoe 61.7 54.5 36.3 34.3 Ly 1.8 10.3 9.4 

TOPOIOLMNOTe tes ech se coeas ene 50.9 62.5 35.5 34.3 2.2 1.8 11.4 11.4 

ONO tal eee ee See oe eee 61.9 53.5 36.3 34.0 Pz Al 1.9 9.7 10.6 

1 Nationwide automobile-use study, spring 1961—persons living in places having a population of 100,000 or more. 

Table 7.—Percentage of all automobile 
trips, by purpose, to downtown area ! 

Percent to 
downtown 

business area 
Purpose of trip 

, Jarning a living: 
Yo and from work 
Related business 

Family business: 
Medical and dental 
Shopping- 
Other __- 

Educational, civic, and religious 

Social and recreational 

spur posesece 9 “eee aees = eee oes. 

1 National automobile-use study, spring 1961—persons 
living in places having population of 100,000 or more. 

into any situation. Income is an important 

factor both in the choice of methods of going 

to work and in the distance between the 

worker’s home and his place of employment. 

As shown in table 4 and figure 1, when family 

income was less than $1,000, more than half 

of all workers walked or bicycled to work. 

Possibly most of this group of families were 

domiciled at the job site. The data, however, 

do not show this. Almost 72 percent of the 

workers in the next income bracket ($1,000 

to $1,999) used public transportation—a very 

substantial shift. The percentage of workers 

using public transportation dropped rather 

The annual report of the Bureau of Public 

toads, U.S. Department of Commerce, High- 

way Progress, 1965, contains a review of the 

accomplishments of Public Roads on the 

Federal-aid highway program and its many 

other activities during the fiscal year 1965. 

Highway Progress, 1965, is available from the 

Superintendent of Documents, U.S. Govern- 

ment Printing Office, Washington, D.C., 

20402, for 40 cents a copy. 

Included in the illustrated publication is 

a descriptive account of the progress made 

during fiscal year 1965 in construction of the 
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sharply until family income reached $10,000, 

at which point it increased somewhat. 

As the size of family income increased, the 

choice of the automobile as a commuting 

mode increased and 63 percent of the families 

having incomes of $15,000 or more used 

automobiles for trips to and from work. 

Surprisingly, more than 20 percent of the 

families having the lowest incomes commuted 

by automobile, more than three-fourths of 

them driving. The more use of automobiles 

for home-to-work transportation as the family 

income exceeded $5,000 may be noted in 
figure 1, which shows the distribution of 

persons in each income group according to 

the mode of home-to-work transportation. 

Except for the group of families having in- 

comes of less than $1,000, in which 54 percent 

of the workers reported walking or bicycling 

to work, the groups were relatively consistent 

in the proportion of walkers. One might 

conclude that income above the $1,000 level 

is not closely related to walking to work. 

Purpose of Trips 

Family income is generally considered an 

important determinant in the use of auto- 

mobiles. The distribution of automobile trips, 

by purpose, for the different income groups is 

shown in table 5. The proportion of trips 

related to earning a living rose from 24.7 

percent for the family group having incomes 

NEW PUBLICATIONS 

Highway Progress, 1965 

National System of Interstate and Defense 

Highways and in improvement of primary 

highways, secondary roads, and urban arterials 

under the regular Federal-aid program. 

Also reported on at length are Public Roads 

efforts to meet the social responsibilities that 

face today’s highway builder, and its activi- 

ties and accomplishments in highway planning 

and design, urban transportation planning, 

highway beautification, safety, research and 

development, and management. 

The report also describes the highway 

U.S. GOVERNMENT PRINTING OFFICE; 1966 

of less than $1,000 to 42.6 percent for the 

group having incomes of $4,000 to $4,999 and 
then dropped off steadily to 33.7 percent for 

the group having incomes of $15,000 or more. 

Persons in the family groups having incomes 

of less than $2,000 made a larger proportion 

of the trips for purposes of family business 

than persons in other income groups. Social 

and recreational purposes accounted for 16.7 

percent of all trips; groups having the highest 

and lowest income reported 22 percent of the 

trips were made for such purposes. 

Urban planners are constantly aware of 

the problems related to keeping traffic flowing 

to and in central business districts. Although 

the tremendous buildup of suburban shopping 

and medical areas has reduced the attraction 

to a downtown shopping area, the downtown 

areas still attract people for a variety of 

reasons. Distribution of trips and travel by 

automobile to downtown shopping areas is 

shown in table 6, by purpose of trips. More 

than half of all trips and travel to the down- 

town shopping areas was made for purposes 

of earning a living; an additional one-third 

of the trips was made on family business. 

Only 2.1 percent of the trips and 1.9 percent 

of the travel were made for educational, civic, 

and religious purposes. Trips made for social 

and recreational purposes amounted to 9.7 

percent of all trips and 10.6 percent of all 

travel. Persons who lived closer to down- 

town shopping areas—that is, less than 2 

miles—made a smaller proportion of auto- 

mobile trips to work and a larger proportion 

on family business than persons living farther 

from the downtown area. 

The percentage of automobile trips to the 

downtown area, by purpose of the trip, was 

fairly substantial—12 percent—as shown in 

table 7. Of all trips related to earning a 

living, 14.5 percent were made to the down- 

town area. Trips on family business made to 

the downtown area also totaled 14.5 percent. 

Trips made for educational, civic, and religious 

purposes comprised less than 3 percent of 

those made to the downtown area; but 6.7 

percent of the social and recreational trips 

were made to the downtown area. 

construction work undertaken directly by 

the Bureau of Public Roads in national 

forests and parks and on other Federal lands, 

and Public Roads activities in providing 

technical assistance to foreign countries to 

further the development of their highway 

organizations and roadbuilding programs. 

Included in the report’s appendix are 19 

statiscical tables covering the progress and 

activities of the Federal-aid program during 

the fiscal year 1965. The data are reported 

for each State. 
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